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Owing to its inimitable volumetric energy density, lithium-ion batteries (LIBs) have 
been widely used in applications ranging from portable electronics to electric 
vehicles. On the other hand, low cost sodium ion batteries (NIBs), despite their low 
energy densities are being revisited especially for large scale renewable energy 
storage applications. Such renewed interest in NIBs emanates from increasing lithium 
costs and its availability in confined geographies. Technological advances in both 
lithium and sodium-ion batteries are deemed necessary for the development of future 
electric vehicles and renewable energy storage systems. In this regard, research 
conducted in this thesis aims at investigating dual alkali storage i.e. lithium and 
sodium storage in electrode materials with the hope of benefitting both lithium and 
sodium-ion batteries.  
 In chapter1, the need for energy storage systems particularly batteries and 
their use in electric vehicle and smart grids is discussed. A concise literature review of 
the various cathode and anode materials, electrolytes and binders for lithium ion and 
sodium ion batteries is provided. Finally, the motivation behind the present study is 
outlined.  
 In chapter 2, experimental techniques and procedures employed for the active 
material preparation and its characterization are provided. Relevant details pertaining 
to half cell and full cell assembly along with their electrochemical characterization is 
also outlined in this chapter. 
 In chapter 3, lithium storage by conversion reaction in hematite, α-Fe2O3 was 
investigated. The rationale behind the choice of α-Fe2O3 as anode material is 




times higher than graphite). A novel soft template approach was developed for the 
synthesis of nanostructured α-Fe2O3. While most studies on α-Fe2O3 show low first 
cycle coulombic efficiency, this is the first time where a high reversibility of 90% has 
been achieved for lithium storage by conversion reaction in this material. The long 
term cyclability over 800 cycles demonstrated in this chapter is also the highest cycle 
life reported for this material. The feasible operation of this tailored anode material in 
full cells containing olivine LiMn0.8Fe0.2PO4 cathode is demonstrated. Finally, apart 
from the well-known kinetic limitations, this chapter also provides experimental 
evidence of a possible thermodynamic dependence on lithium storage at nano size in 
iron oxides. 
 Since the storage performance of α-Fe2O3 at high current rates (425 mAh g
-1
 at 
5C) was almost similar to the theoretical capacity of graphite at 0.1C, a need for the 
improved rate performance was realized. To ensure enhanced rate performance, the 
active material was embedded in a carbon matrix which generally requires inert 
atmosphere calcination. Under such inert conditions, Fe2O3 tends to reduce to Fe3O4 
and more so in the presence of carbon. Hence, in chapter 4, the rate performance of 
Fe3O4 was investigated. Rationally designed Fe3O4 electrodes delivered lithium 
storage capacity of 950 mAh g
-1
 at 1.2C without any capacity fade over 1100 cycles. 
Even for rapid charge/discharge in 5 min., the electrodes delivered 610 mAh g
-1
, a 
capacity significantly higher than α-Fe2O3 anodes. The cyclability and rate 
performance achieved here are the highest reported values in literature for lithium 
storage in Fe3O4. Further, the feasibility of Fe3O4 anodes was tested in full cells 
containing olivine LiMn0.8Fe0.2PO4. Besides lithium storage, sodium storage by 
conversion reaction was demonstrated for the first time in literature. In the first cycle, 






 respectively. It was found that sodium uptake by conversion reaction in 
Fe3O4 resulted in the formation of Na2O and metallic Fe.  
 To ensure that the above active material and electrode design could be 
successfully extended to other family of electrode materials, MoO3 was chosen in 
Chapter 5 as a case-study. This is the first report on sodium storage by conversion 
reaction in MoO3. A simple, scalable soft template approach was developed to prepare 
MoO3 with block type morphology. A high reversible sodium extraction capacity of 
245 mAh g
-1
 was achieved with favorable rate performance even at high current 
densities of 1.117 A g
-1
. Besides rate performance, MoO3 anodes showed impressive 
cyclability over 500 cycles. The cycle life reported in this work is the highest for any 
sodium ion battery anode undergoing conversion reaction. Furthermore, the operation 
of MoO3 anode in full cells containing Na3V2(PO4)3 and Na3V2(PO4)2F3 cathodes was 
also demonstrated. Apart from excellent sodium storage, MoO3 anodes also showed 
impressive lithium storage capacities, long term cyclability and outstanding rate 
performance. Even after 100 cycles, MoO3 anodes delivered 904 mAh g
-1
 retaining 
87% of its initial lithium extraction capacity at 1.117 A g
-1
. Upon rapid 
charge/discharge in 6 min., MoO3 delivered a high lithium extraction capacity of 597 
mAh g
-1
. The operation of MoO3 anode in full cells containing olivine LiFePO4 and 
spinel LiMn2O4 cathode was also demonstrated. 
 Besides designing high energy density anode materials, there was a need to 
develop anode materials with high power densities. In this regard, high rate 
performance of Li4Ti5O12 (LTO) was investigated in Chapter 6. The key objective of 
this work was to develop a simple, economical synthesis route which could be used 
for the preparation of nanostructured Li4Ti5O12. Compared to energy intense solid 




form pristine LTO are much lower, thus offering valuable energy savings. Even 
during ultrafast charge/discharge in 36 sec. (100C), the nanostructured LTO 
electrodes delivered reversible capacities of 83 mAh g
-1
 with flat voltage plateaus. 
Finally, the feasibility of LTO anode was tested in full cells containing 
LiMn0.8Fe0.2PO4 cathodes.  
 In chapter 7, conclusions and suggestions for future research are provided. 
Key words: lithium-ion batteries, sodium-ion batteries, anodes, conversion reaction, 




Significant findings from the current 
studies 
 
 For the first time a high first cycle coulombic efficiency of 90% and stable 
cyclability of 800 cycles is achieved for lithium storage by conversion reaction 
in α-Fe2O3 along with feasible full cell operation 
 Rational design of materials and electrodes is shown to be the key for 
achieving enhanced electrochemical performance. The stable cyclability of 
1100 cycles and high rate performance of 610 mAh g
-1
 at 11.11 A g
-1
 achieved 
in this study are amongst the highest reported values in literature for lithium 
storage in Fe3O4. Besides, sodium storage by conversion reaction in Fe3O4 is 
demonstrated for the first time in literature.  
 Sodium storage by conversion reaction in MoO3 anode material is studied for 
the first time in literature. A high reversible sodium extraction capacity of 245 
mAh g
-1
 along with favourable rate performance upto 1.117 A g
-1
 is achieved. 
The cycle life of 500 cycles reported in this work is the highest cycle life for 
any sodium ion battery anode undergoing conversion reaction.  
 Nanostructured Li4Ti5O12 prepared by a simple soft template approach 
exhibits ultrafast charge/discharge operation. Batteries containing this 
nanostructured anode retain 96% of its initial capacity when the charging time 
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1.1 Preface to Chapter 1 
 This chapter highlights the need for energy storage systems particularly 
batteries for use in electric vehicle and smart grid applications. Emphasis is laid on 
two battery technologies namely, lithium and sodium ion batteries. A brief literature 
survey of the various cathode and anode materials, electrolytes and binders for lithium 




















1.2 Need for electrical energy storage systems 
 The demand for the most dominant form of energy, electricity, has been rising 
exponentially in the recent years and this demand is expected to triple by the end of 
the present century.
1
 Currently, the global electricity generation capacity is estimated 
to be ~ 20 x 10
12
 watts, out of which nearly 68% of the energy comes from fossil 
fuels.
2
 For every kWh obtained out of  fossil fuel burning, ~ 1 kg of CO2 is produced, 
raising serious concerns on global warming.
1
 Adding to this, the fossil fuels are either 
limited in supplies or restricted to a confined geography. All these shortcomings have 
spurred active research interests in generating electricity from alternative clean energy 
sources. Among the various forms of alternate energy, solar and wind energy are the 
most abundant and readily available.
3, 4
 Although such energy sources are clean, they 
are intermittent in time and space. This intermittency calls for the development of 
efficient electrical energy storage (EES) systems.  
 
1.3 Electrical energy storage systems for smart electric grids and 
electric vehicles 
 Among various applications, the two most critical areas that an EES system 
will benefit are  
 Smart electric grids 
 Electric vehicles  
“Solar and wind energy are no doubt clean, but they are also 




1.3.1 Smart electric grids 
 Conventional electric grids are interconnected networks that deliver electricity 
from the point of energy generation to the point of demand through transmission lines. 
A smart electric grid is an advanced version of an electric grid in which power is 
generated locally at the point of demand using renewable energy sources such as wind 
and solar to minimize power losses. Smart electric grids require large energy storage 
systems for its efficient operation.  Computers based systems aid the control and 
automation the entire process of power distribution. The key function of EES systems 
in electric grids are (i) load leveling and (ii) frequency regulation. 
 
Figure 1.1 Choice of electrical energy storage system for electric grids based on discharge 
time and power rating.
5
 
Load leveling could be defined as a form of load shifting during which energy is 
stored at times when it could be produced cheaply and released at adverse peak 
times.
6
 Frequency regulation could be defined as the process of smoothening 
fluctuations frequently encountered due to the intermittency of the renewable sources 
during power generation. The choice of an appropriate EES system for smart grids 
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will depend on the power rating and discharge time
5
 depicted in Figure 1.1. As could 
be seen from this figure, super capacitors have rapid response time but low power 
rating while compressed air and pumped hydroelectric systems have high power 
rating but poor response time. On the other hand, batteries are attractive as their 
response time and power rating are midway between capacitors and mechanical 
systems mentioned above. 
 
Figure 1.2 Schematic depiction of a smart electric grid integrating with solar, wind and 
nuclear energy sources. 
The schematic depiction of a futuristic smart grid interacting with various energy 
sources and distributing the same to consumer applications like industries and 

























1.3.2 Electric vehicles  
 Electric vehicles (EVs) are zero emission vehicles in which the energy 
required for vehicular motion is supplied by an on board EES system. While weight 
and volume foot prints of EES systems for electric grid applications are not stringent, 
the same is not true for EVs as the weight of the EES system plays a critical role. 
 
Figure 1.3 Capacity and weight requirements of electrical energy storage systems for electric 
and plug-in electric vehicles. 
Besides, EES system for EV application must also fulfill the energy and power 
density
7
 requirements convincingly (Figure 1.3). Energy density is defined as the 
amount of energy stored per unit mass or volume while power density is the 
maximum power that could be supplied per unit mass or volume. The units of energy 
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and power density are Wh kg
-1
 and W kg
-1
 respectively. The range of vehicular drive 
is determined by the energy density of the EES system while the acceleration is 
determined by its power density. A successful EES system for EV must satisfy the 
following requirements:  
 Safety 
 Durability 
 High energy and power density 
 Low cost 
Having justified the need for EES systems, the following section will focus on the 
choice of an appropriate energy storage device. 
1.4 The choice of electrical energy storage system 
 Based on the mode of energy conversion, EES systems could be briefly 
classified into electrochemical, electrical, mechanical and thermal systems (Figure 
1.4). Among them, electrochemical energy storage in which electrical energy is 
converted into chemical energy and vice-versa are thought to be highly attractive
5
 
owing to the following advantages: 
 Quick response time 
 Pollution free operation  
 Absence of moving parts  
 High round trip efficiency 
 Long cycle life  





Figure 1.4 A broad classification of the electrical energy storage systems. 
1.4.1 Electrochemical energy storage systems 
 Electrochemical energy storage systems could be further classified into 
batteries, fuel cells and electrochemical capacitors. Batteries are closed systems in 
which both energy storage and conversion occur within the same device. Typically, 
batteries consist of electrochemical cells that are made of two electrodes namely 
cathode and anode. The electrode at which the reactions take place at lower potential 
is termed as anode while the electrode at which reactions occur at higher potential is 
termed as cathode. The cathode and anode of batteries not only act as a charge 
transfer medium but also take part in the redox process as active masses. Fuel cells 
are open systems in which both cathode and anode act as only charge transfer medium 
while the active mass responsible for redox reactions are supplied from sources 
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necessarily delivered by the redox reactions. The orientation of the ions present in the 
electrode-electrolyte interface results in the formation of the electrical double layers 
simultaneously leading to the flow of electrons in the external circuit. 
1.4.2 Choice of batteries 
 As could be seen from Figure 1.5, capacitors have high power density but low 
energy density while fuel cells have high energy density and low power density. On 
the other hand, batteries are attractive as the energy and power densities are 
moderately high, making them attractive for electric grid and EV applications.  
 
Figure 1.5 Simplified Ragone plot for electrochemical devices in comparison with IC engines 
The choice of Li in batteries is primarily attributed to its  electropositive behavior  (-
3.04 V vs. standard hydrogen electrode) and its lightweight (6.94 g mol
-1
) which give 
rise to high energy densities (Figure 1.6).
8
 Lithium in its metallic state poses safety 
issues arising from dendritic growth and plating and hence, commercial batteries 









































Figure 1.6 Comparison of the gravimetric and volumetric energy densities of different 
batteries. 
Besides lithium ion batteries (LIBs), researchers are revisiting the sodium ion battery 
(NIB) technology for grid and EV applications, as the charge carrier sodium is 
abundant and relatively inexpensive.
9, 10
 NIB technology still remains in its nascent 
stage and requires considerable technological advancements. Subsequent sections will 
provide a detailed literature review pertaining to LIB and NIB technology. 





































1.5 Lithium-ion and sodium-ion batteries 
1.5.1 Operating principle 
 
Figure 1.7 Schematic depiction of the operation of a lithium-ion battery 
Rechargeable LIBs operate on the principle of intercalation/deintercalation in which 
the Li
+
 are inserted/extracted into/from the electrode material accompanied by the 
addition/removal of electrons. Typically, LIBs consist of two electrodes namely, 
cathode and anode soaked in an electrolyte. The electrolyte is an ionic conductor but 
an electronic insulator. These two electrodes are kept apart by a separator membrane 
to prevent electrical shorting. The principle of operation of a LIB is shown in Figure 
1.7. For this illustration, lithium cobalt oxide (LiCoO2) and graphite (C6) are chosen as 
cathode and anode materials respectively while lithium hexaflurophosphate (LiPF6) in 





extracted from the cathode travel through the electrolyte 
































from the external circuit to preserve the charge neutrality. The entire process is 
reversed during the discharge operation. Such shuttling of Li
+
 ions between the 
cathode and anode is popularly referred to as the rocking chair concept of the lithium 
ion battery. The reactions that occur at the cathode and anode are summarized in the 
Equations (1.1-1.3) below 
At the cathode                       
         (1.1) 
At the anode                      (1.2) 
Overall:                             (      ) (1.3) 
In Equation 1.3, the value of x is limited close to 0.5 and the reason behind this 
limitation will be discussed in section 1.6.1. The open circuit voltage (OCV) of the 
above cell is the difference in the electrochemical potentials of the cathode and anode 
and is given by the Equation (1.4). 
    
   
  
 
 ̅           ̅       
  
      (1.4) 
Here E is the open circuit potential,     is the free energy associated with the 
reaction, F is the Faraday’s constant (96485 C mol-1), n is the number of electrons that 
are involved during the reaction and  ̅          and  ̅        are the electrochemical 
potentials of the cathode and anode respectively.  
 The operation of a NIB is very similar to that of LIB except that the cathode is 
a sodium ion containing compound and the electrolyte is a sodium containing salt. 
The operation of a NIB is depicted schematically in Figure 1.8. For this illustration, 
sodium vanadium phosphate Na3V2(PO4)3 and hard carbon are chosen as cathode and 
anode materials respectively while sodium perchlorate NaClO4 in ethylene carbonate 
(EC) and/or propylene carbonate (PC) is chosen as the electrolyte. During charging, 
Na
+




ion conductor and electronic insulator. The extracted Na
+
 get inserted into the anode 
material while the electrons flow through the external circuit. In the subsequent 
discharge operation, sodium ions are extracted from the anode and inserted back into 
the cathode. Such shuttling of sodium ions between the cathode and anode is termed 
as rocking chair concept of sodium-ion battery. 
 
Figure 1.8 Schematic depiction of the operation of a sodium-ion battery 
Since the research undertaken in this thesis mainly revolves on anode materials for 
LIB and NIBs, more emphasis on literature survey is given on anode materials. 
However, important breakthroughs and prominent trends in cathode materials are also 
discussed briefly. Figure 1.9 displays some of the prominent family of cathode 































Figure 1.9 Prominent families of cathodes for lithium-ion batteries. 
1.6 Research trend in cathode materials  
1.6.1 Layered oxides 
1.6.1.1 Lithium cobalt oxide - LiCoO2 
 LiCoO2 was first introduced as a potential cathode material for LIBs by 
Goodenough et al.
11
 In fact, SONY commercialized its first LIB using LiCoO2 
cathode and graphite anode.
12
 The crystal structure of LiCoO2 is shown in Figure 
1.10. Li
+
 situated within the octahedral site of the cubic closed-pack (CCP) lattice is 
electrochemically accessible.
11
 Upon complete extraction of these Li
+
, a hexagonal 
close- packed framework of CoO2 is formed.
13
 The theoretical capacity of this 
material is ~ 274 mAh g
-1





However, only 0.5 moles of Li is extracted from the crystal structure of LiCoO2 as 
complete extraction of Li results in the formation of highly unstable CoO2 in which O2 
evolution takes place 
14,15
 As such the practical capacities achieved in LiCoO2 are 
rather low ~ 130 mAh g
-1
 at 4.0 V vs. Li/Li
+
. Although LiCoO2 has been used in 
commercial LIBs, its toxic nature, high cost and safety concerns have paved way to 





Figure 1.10 Crystal structure of LiCoO2
16
 with space group R ̅  
1.6.1.2 Lithium nickel oxide - LiNiO2 
 Research interest in LiNiO2 was mainly triggered by the relative abundance of 
Ni compared to Co.
17-19
 Further, the diffusion of Li
+







much higher than the diffusion of Li
+






) which favor high 
rate operation.
20
 The theoretical capacity of LiNiO2 is 274 mAh g
-1
 assuming 
complete extraction of lithium from the crystal structure. However, the achievable 
capacities are rather low in the range 150-160 mAh g
-1
 for the voltage window 2.50 - 
4.10 V.
14
 Further, deploying pure LiNiO2 in batteries have been challenging as over 
stoichiometry of Ni is very commonly observed after synthesis.
21
 Over stoichiometry 
of Ni
2+
 ions in the lithium layer clips the NiO2 layers resulting in a blockage or 




 This could easily disrupt the rate performance of the 
electrodes. Adding to this, Ni
3+ 
present in the Li layer show strong force of repulsion 
which hinder the re-insertion of Li
+
 into the lattice.
18
 Furthermore, LiNiO2 shows poor 
thermal stability with strong exothermic peaks around 200 ºC.
23
 These limitations led 







1.6.1.3 Lithium nickel manganese oxides - LiNi1/2Mn1/2O2 and LiNi1/3Mn1/3Co1/3O2 
 LiNi1/2Mn1/2O2 was first introduced by Prof. Dahn et al.
24
 This compound is 
quite different from LiCoO2 as Ni
2+
 in LiNi1/2Mn1/2O2 acts as a double redox center 
while Mn
4+
 renders stability to the structure.
25
 The theoretical capacity of 
LiNi1/2Mn1/2O2 is estimated to be ~ 280 mAh g
-1 
based on one electron transfer.
26
, 
LiNi1/3Mn1/3Co1/3O2 was introduced by Ozhuku et al.
27
 Though theoretical capacity of 
LiNi1/3Mn1/3Co1/3O2 is 278 mAh g
-1
, generally this mixed layered oxide delivers 
capacities around 200 mAh g
-1
 in the voltage window 2.5-4.6 V with much better rate 
capability compared to other layered oxides mentioned previously.
28, 29
 
1.6.2 Spinel oxides  
1.6.2.1 Lithium manganese oxide - LiMn2O4 
 Spinel oxides have been strongly pursued for use as cathodes primarily 









Figure 1.11 represents the crystal structure of spinel LiMn2O4. Normally, a spinel 
structure consists of anions in a cubic closed-pack occupying 1/8
th




sites and cations occupying 1/2 of the octahedral sites. The general molecular formula 
of these oxides are A[B2]X4 in which A represents the occupancy of cations in the 
tetrahedral sites while B represents the occupancy of cations in the octahedral sites 
and X is the anion.
33, 34
 
 LiMn2O4 has been considered to be the next generation cathode material as it 
is firstly cheap, environmental friendly and offers a higher operating voltage around 
4.0 V.
35
 This compound was first introduced by Thackeray et al.
36
 and later developed 
by Bellcore Labs.
37
 The main electrochemical activity occurs at 4.0 and 3.0 V vs. 
Li/Li
+
 with a theoretical capacity of 148 mAh g
-1
. The extraction of Li at 4.0 V is 
accompanied by the formation of Li0.5Mn2O4 due to the ordering of Li
+ 
in the 
tetrahedral sites. However, at lower voltages ~ 3.0 V, Li
+ 
ions are inserted into the 
empty octahedral sites leading to an asymmetric distortion. This is referred to as the 
Jahn-Teller effect of the Mn
3+
 which results in the cubic to tetragonal phase transition. 
Briefly, LiMn2O4 has the following limitations: 
 Mn dissolution in the electrolyte 
 Jahn-Teller distortion  
 Instability of LixMn2O4 (x<0.1) leading to λ-MnO2 
1.6.3 Olivine phosphates 
1.6.3.1 Lithium iron phosphate - LiFePO4 
 To overcome the safety limitations associated with the layered oxides, 
Goodenough et al. introduced the concept of polyanions for lithium intercalation.
38
 
The covalently bonded polyanions offer lower redox energies for the redox couples by 
an inductive effect. Further, the strong P-O bonds in the phosphate polyanions limit 




based cathode materials. The crystal structure of LiFePO4 is shown in Figure 1.12. In 





covalent bonding thus stabilizing the crystal structure compared to the layered oxides. 
 




Figure 1.13 A typical voltage profile of in-house LiFePO4 vs. Li/Li
+
 
Furthermore, the relative abundance of Fe and P on the earth’s crust has favored the 
commercialization of this battery material.
39
 The crystal structure of LiFePO4 consists 




















































ions occupying the one dimensional plane parallel to FeO6 octahedra.
40
 The 
theoretical capacity of LiFePO4 is 170 mAh g
-1 
with a flat operating voltage around 
3.5 V.
38
 Figure 1.13 shows the typical voltage profile of in-house LiFePO4. The 
primary difference between the layered oxides and olivine phosphates is that, during 
Li insertion/extraction in layered oxides, solid solutions are formed. However, in 
olivine phosphates, there is co-existence of two phases. Such two phase co-existence 
results in a flat voltage profile which is the hallmark of this cathode material. Despite 
many advantages, one major limitation with LiFePO4 is its inherently low mixed 
conductivities which results in sluggish rate performance.
41-43
 This limitation has been 
shown to be overcome by preparing nanoparticles with in-situ carbon coating. 
44-46
 
1.6.3.2 Lithium manganese phosphate - LiMnPO4 
 Replacing Fe with Mn in the olivine structure results in a competitive voltage 
gain which results in lithium-ion batteries with higher energy densities.
38
 As seen in 
Figure 1.14 which represents the voltage profile of in-house LiMnPO4 vs. Li/Li
+
, the 
operating voltage is 4.1 V much higher than that of LiFePO4 (3.45 V). Most 
importantly, this operating voltage of 4.1 V lies within the operating limit of most 
commercial electrolytes. The theoretical capacity of LiMnPO4 is 170 mAh g
-1
. 
However in practice, achieving theoretical capacity in LiMnPO4 has been quite 
challenging.
38, 47, 48
 This is attributed to the following reasons: (i) low mixed 
conductivities
43
 (ii) strong polarons
48









Figure 1.14 A typical voltage profile of in-house LiMnPO4 vs. Li/Li
+50
 
1.6.3.3 Lithium iron manganese phosphate-LiMnxFe1-xPO4 
 Tailoring the material properties of olivine cathodes such as nanostructuring 
and surface coatings have helped in improving the electrochemical performance.
51-53
 
Besides this, the lithium storage performances of olivine phosphates have also been 
improved by forming solid solutions containing different metals.
54-56
 Pioneering 
works by Yamada et al. and Molenda et al on the LiMnxFe1-x PO4 systems showed that 
this improved rate performance arises from enhancement in the electrical 
conductivity.
57, 58
 The lower activation energy (0.55 eV) Fe-Mn solid solutions 
provides better Mn utilization leading to improved rate performance compared to the 
pristine LiMnPO4.
59
 Moreover, the ratios of Fe and Mn in the solid solution have been 
shown to influence the rate performance.
54, 60
Figure 1.15 displays the typical voltage 
profile of an in-house LiMn0.8Fe0.2PO4 vs. Li/Li
+
 in which distinct plateaus 











































Figure 1.15 A typical voltage profile of in-house LiMn0.8Fe0.2PO4 vs. Li/Li
+50 
1.6.3.4Lithium cobalt and nickel phosphate - LiCoPO4 & LiNiPO4 
 LiCoPO4 and LiNiPO4 have been explored owing to their higher redox 





 Despite this competitive edge, working with these high 
voltage cathodes have been challenging due to the lack of appropriate electrolytes.
65
 
Hence, these high voltage olivines will find relevant applications only if suitable 
electrolytes are developed in the future. 
1.6.3.5 Lithium iron and manganese pyrophosphates - Li2FeP2O7 & Li2MnP2O7 
 Following intense research on LiFePO4 and LiMnPO4, very recently attention 
has shifted to a new family of lithium metal pyrophosphates with the general 
molecular formula Li2MP2O7 where M= Fe and Mn.
66-68
 The key advantage of a 
pyrophosphate based material compared to LiFePO4 could be ascribed to the lithium 
diffusion channels. Pyrophosphates have two dimensional channel for lithium 
diffusion in sharp contrast to LiFePO4.
69
 Most importantly, pyrophosphates offer the 
possibility of a two electron redox reaction.
66
  





























1.6.4 Lithium iron and manganese borates 
 Yet another new research direction on cathode materials is the recent findings 
on lithium metal borates with the general formula LiMBO3 where M = Fe and Mn. 
This material was first introduced by V. Legagneur et al.
70
 Borate based cathode 
materials have the following advantages: 
 Borate polyanion has a lower molecular weight (58.8 g mol-1) as compared to 





 The theoretical capacity of LiFeBO3 is 220 mAh g
-1






 The true density of borates (3.46g cm-3) and phosphates are nearly the same. 
However, the smaller triangle anion of borate only occupies lower volume 
leading to high volumetric energy density.
71
 




















Though borates are encouraging from an energy density perspective, they are easily 
susceptible to surface poisoning upon exposure to atmosphere and hence preparing 
these materials calls for special protocols
.71 
Figure 1.16 represents the typical voltage 
profile of an in-house LiFeBO3 in which flat plateaus at 2.4 V and 2.9 V 
corresponding to lithium extraction and insertion are seen. Apart from LiFeBO3, its 
analogue LiMnBO3
72, 73




1.6.5 Lithium iron and manganese silicates 
 In growing quest to improve the storage capacity of cathode materials, silicate 
based materials with the general molecular formula Li2MSiO4 where M = Fe and Mn 
have been investigated. Owing to the presence of 2 Li in the structure, silicates based 
cathode materials have high theoretical capacities. The theoretical capacity of 
Li2FeSiO4 and Li2MnSiO4 are 333 mAh g
-1 




Figure 1.17 A typical voltage profile of Li2MnSiO4 vs. Li/Li
+79
 
A typical voltage profile of an in-house Li2MnSiO4 is shown in Figure 1.17 in which 
capacities much higher than LiFePO4 are achieved. Apart from high theoretical 
capacity, silicates are extremely cheap and offer high degree of safety owing to the 





























presence of strong Si-O covalent bond. Despite several advantages, poor mixed 
conductivities of Li2MSiO4 restrict the stable cyclability of this material.
80
  
 Having reviewed the most prominent families of cathodes and the recent 
research trends in the context of LIBs, the following section presents literature review 
on the anode materials for LIBs. Based on the mechanism of lithium storage, the 
anode materials are broadly classified into three groups namely insertion hosts, 
alloying hosts and conversion hosts (Figure 1.18). 
 
Figure 1.18 Prominent families of anodes for LIBs 
1.7 Research trend in anode materials  
1.7.1 Insertion hosts 
1.7.1.1 Graphite 
 Among the various anode materials that have been investigated for LIBs, 
graphite happens to be the most successful candidate that has penetrated the consumer 
market. The mechanism of lithium intercalation in graphite occurs by a staging type 
Conversion hosts
• Metal oxides e.g. Fe2O3, Fe3O4, Co3O4, MoO3
etc.
• Metal fluorides e.g. FeF3, FeF2 etc.
• Metal phosphides e.g. MnP4, CoP3 etc.
• Metal nitrides e.g. CoN, Co3N, Fe3N











reaction in which the lithium completely intercalates into specific layers of graphene 
before reaching the neighboring layers.
81
 Intercalation of lithium between the layers 
of graphene results in an increase in the interlayer spacing without affecting the 
arrangement of carbon within the layers.
82
 The resulting end product after lithium 





Despite several advantages like abundance and excellent electrochemical 
performance, employing graphite in LIBs threatens the overall safety of the system 
especially at high current rates. This is because, at such insertion potential 
approaching 0 V due to polarization lithium plating occurs on the surface of the 
electrode, leading to dendritic growth which penetrates the separator apart leading to 
electrical shorting and thermal runaway.  
1.7.1.2 Carbon nanotubes and graphene 
 Single and multi-walled carbon nanotubes have been investigated as anode 
materials for LIBs.
85, 86
 The theoretical capacities of carbon nanotubes have been 
reported
 




 Although the possibility 
of lithium storage in carbon nanotubes is well-known, the sites at which lithium 
storage occur are not clearly documented in literature. It is believed that the interspace 
between the tubes could host lithium.
81
 Though carbon nanotubes offer numerous 
advantages such as robustness, mechanical strength and durability, their complicated 
preparation process and low yield discourage its commercialization in batteries. 
 A free standing sheet of sp
2 
carbon is referred to as graphene. Graphene was 
first disclosed by Novoselov et al.in 2004.
88
 The honey comb network of graphene 
forms the basis of numerous allotropes such as 3D graphite or stacked graphene, 
fullerenes or wrapped graphene and rolled graphene or 1D tubes.
81, 89




adsorption occurs on both sides of the graphene, the lithium storage capacity of 
graphene has been shown to be much higher than that of graphite.
90, 91
  
1.7.1.3 Lithium titanate - Li4Ti5O12 
(i) Motivation 
 Both safety and performance are two indispensable factors that govern the 
selection of an anode material. Pioneering works on this material was initiated by 
Ozhuku,Thackeray and Dahn.
92-94
 The theoretical capacity of Li4Ti5O12 (LTO) is 175 
mAh g
-1 
corresponding to the insertion of 3 moles of Li. LTO undergoing insertion 
reaction has attracted considerable attention owing to the following advantages:
92, 93
  
 Higher operating voltage: The higher insertion potential (Figure 1.19) of 
lithium in Li4Ti5O12 (1.55 V vs. Li/Li
+





eliminates the possibility of dendrite formation leading to outstanding safety 




Figure 1.19 A typical voltage profile of in-house LTO 























 Absence of SEI: The higher insertion potential of Li in Li4Ti5O12 also rules out 
the possibility of solid electrolyte interface formation (SEI) which prevent 
huge irreversible capacity losses.
95
  
 Zero strain: Besides, the process of lithium insertion/extraction in Li4Ti5O12 
does not induce significant volume change thus leading to outstanding cycle 
life and capacity retention.
96
  
 State of charge indication: The two phase electrochemical reaction in LTO 
gives rise to a flat plateau (Figure 1.19), which changes evidently with the 
depletion of one of the phases during Li insertion/extraction. Such a distinct 
change in the voltage profile enables to study the state of charge in a battery 
system.  
 
Figure 1.20 Voltage of full cells combining various cathode materials with LTO anode. 
 Full cell operation: Figure 1.20 represents the voltage of the full cell 
combination of various cathode materials with LTO anode. For instance, 
combining LTO with LiFePO4 results in a full cell with a potential of ~ 1.90 V 






























































hand, combining LTO with layered oxides namely, LiCoO2 and LiMnO2 
results in cell potentials of 2.40 V and 2.60 V respectively. Still higher cell 
potentials could in-principle be achieved by using LiCoPO4 and LiNiPO4 
cathode materials with support from appropriate electrolytes. 
(ii) Crystal structure of Li4Ti5O12 
 The crystal structure of Li4Ti5O12 is shown in Figure 1.21. Li4Ti5O12 is 
characterized by a defect spinel-framework structure (   ̅  ) in which Li ions 
occupy 8(a) sites, titanium and Li ions in 1:5 molar ratio occupy octahedral 16(d) 
sites and oxygen ions occupy 32(e) sites with an oxygen positional parameter ~ 
0.26.
92
 In its spinel notation, LTO is represented as Li [Li1/3 Ti5/3] O4. During the 
course of Li insertion, Ti
4+ 
is reduced to Ti
3+ 
within the octahedral framework, 
resulting in a topotactic transition between Li4Ti5O12 and Li7Ti5O12. Both the phases 
are characterized by a spinel structure, the difference being the occupancy of Li ion 
sublattices, which is depicted in Equation 1.5.  
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          ….. (1.5) 
(iii) Theoretical capacity of Li4Ti5O12 
 The theoretical capacity of Li4Ti5O12 corresponding to an uptake of 3 moles of 




 It was believed that, the limitation on the 
theoretical capacity is imposed by the number of available octahedral sites for the Li 
ions. During the process of intercalation, the inserted Li ions along with residential Li 
ions in the tetrahedral 8(a) sites are added into the octahedral 16(c) sites. Since the 
amount of octahedral 16(c) sites are twice as that of tetrahedral 8(a) sites, it was 





Figure 1.21 (a) Spinel structure of Li4Ti5O12. Blue tetrahedra represent lithium while green 
octahedra represent disordered lithium and titanium. (b) Rocksalt structure of Li7Ti5O12.
97
 
However, the rock salt phase (Li7Ti5O12) still has tetravalent Ti ions that could 
potentially accept electrons. As such, additional 2 moles of Li ions could be 
intercalated into Li7Ti5O12 resulting in a much higher theoretical capacity of 293 mAh 
g
-1
 in the wide voltage window of 0.01 V–2.50 V.98 In other words, the limitation on 
the theoretical capacity of Li4Ti5O12 is not imposed by the number of octahedral or 
tetrahedral sites for Li ion occupation but by the number of tetravalent titanium ions. 
It must be mentioned that, although the theoretical capacity is shown to be 293 mAh 
g
-1 
in a wide voltage window (0.01–2.50 V),98 most researchers still use 175 mAh g-1 
owing to a limited voltage window operation (1.0–2.50 V).  
(iv) Synthesis of Li4Ti5O12 
 Figure 1.22 represents the schematic of the various synthesis approaches that 









 Conventionally, Li4Ti5O12 has been prepared by solid-state reactions. In a 
typical synthesis process, precursors of Li namely lithium hydroxide (LiOH) or 
lithium carbonate (Li2CO3) and titanium dioxide (TiO2) are mixed in stoichiometric 
proportions (4:5) and fired at very high temperatures in air. Temperatures in the 
range, 800-1000 ˚C and calcination times in the range, 12-48 h have been typically 
employed to ensure the completion of the reaction between the precursors. 
 
Figure 1.22 Schematic representation of various synthesis procedures that have been used for 
preparing Li4Ti5O12 
Zaghib et al. prepared 0.6 µm particles by employing high energy ball-milling of the 
precursors namely Li2CO3 and TiO2 followed by calcination at unmentioned 
temperatures.
99
 Prosini et al. prepared LTO by mixing the precursors namely LiOH 
and TiO2 in a rotary mill and fired them at 800 ˚C for 36 h in air.
100




in the size range 1 2 µm were obtained and a first cycle charge capacity of 160 mAh 
g
-1
 was recorded. 
 The primary advantage with solid-state reactions lies in their simplicity, 
devoid of any complicated processing steps. However, this process is energy intensive 
and requires longer hours of furnace operation. Excessive heating at elevated 
temperatures could result in Li getting volatized, leading to a Li deficient end product. 
The other drawback with solid-state reactions is their inability to exert control on the 
particle size and morphology. Owing to very long calcination times and high 
temperatures, particles are in micrometer regimes.  
Sol-gel approach 
 In a typical sol-gel approach, sols are produced using a solvent and chelating 
agent. The precursors in the sol get mixed at the molecular level, unlike in solid-state 
reactions. Primary particles in the nanometric regime with phase purity can be 
obtained by firing the sols at elevated temperature. For instance, Bach et al. prepared 
LTO using a sol gel approach in which titanium isopropoxide was added to a solution 
containing lithium acetate.
101
 The white gel obtained was dried and fired at 800 ˚C to 
obtain a phase pure LTO.
101
 Kavan and Gratzel prepared nanocrystalline LTO 
samples by a sol-gel technique in which lithium ethoxide and titanium alkoxide were 
used as the starting precursors.
102, 103





. Interestingly, these samples when employed in thin-film batteries 
demonstrated excellent activity towards Li even at very high current rates of 250C.  
Solvothermal/hydrothermal approach 
 In a typical hydrothermal/solvothermal approach, the precursors are dispersed 
into the solvent and the reaction is conducted at high pressures in an autoclave. 




which titanium and lithium alkoxides were used as starting materials. The reactants 
were then transferred into an autoclave and kept at 150 ˚C for 16 h104. The products 
were finally heated at slightly elevated temperature to enhance the crystallanity. 
Similarly, solvothermal approaches have also been employed for the preparation of 
nanocrystalline LTO.
105, 106
 Lim et al. employed solvothermal approach in which 
titanium isopropoxide and lithium hydroxide were dispersed in a solution of 
diethylene glycol and autoclaved at 235 ˚C for 16 h.106 The resulting products were 
then fired at 500 ˚C for 5 h in air to obtain fine nanoparticles of LTO in the size range 
10-20 nm. The primary advantage with these approaches is that, the temperature 
required to form a pure phase is considerably low and hence less energy intensive. 
Further, these processes enable precise control on particle size and morphology 
resulting in very small primary particle size distribution. 
Template approach 
 Templating techniques have been widely deployed for the preparation of 
mesoporous electrode materials with controlled morphologies.
97, 107, 108
 In a 
templating approach, the precursors are loaded into the template induced by capillary 
action. Removal of template by the application of heat results in the final product, 
which is an inverse replica of the template. Hard templates commonly include SBA-
15 and KIT-6
109, 110
 while soft templates include organic surfactants or polymers.
111
 
Hard templates require high temperatures for their removal and hence are energy 
intensive compared to soft templates. In a typical soft template synthesis of LTO, the 
precursors of Li and Ti are loaded into the confined space of surfactant micelles. 
Application of thermal energy (600-800 ˚C) results in the removal of template 
accompanied by the formation of Li4Ti5O12. The inherent advantage with this soft 




temperatures and calcination times (600-750˚C, 4-6 h) as against solid state reactions 
in which temperatures and calcination times are in excess of 800 ˚C and 12-36 h 
respectively. 
Other synthesis approaches 
 Rheological phase reactions have shown to produce nanosized LTO 
particles.
112
 In a typical rheological reaction, the solid precursors are mixed in the 
desired molar ratios in water or solvent to form a solid-liquid rheological body. 
Finally, calcination is performed at elevated temperatures to obtain the pure phase. 
Rheological phase reactions benefit from the close contact between the solid and 
liquid phases, thus exposing more surfaces of the solid particles to heat during 
calcination, which ensures sufficient diffusion of Li
+
 into the material. Yin et al. 
prepared LTO using a rheological approach in which lithium acetate and n-butyl 
titanate were used as starting precursors.
112
  
 Spray-pyrolysis has been found to be instrumental in preparing spherical 
micron-sized particles of LTO
113, 114
 Spherical particles with narrow particle size 
distribution are much sought after from a commercial perspective since, they offer 
high packing densities compared to other morphologies such as nanofibers or 
nanowires.  
 Combustion-synthesis has been an effective synthesis approach that has been 
used to produce LTO with high surface area and excellent high rate performances. In 
a typical combustion reaction, a redox reaction is initiated between the oxidizer and 
the fuel which results in the phase pure final product almost instantaneously. LTO 
prepared by this method was shown to exhibit excellent high rate properties, 
delivering 70 mAh g
-1






 As could be seen, a wide plethora of synthetic techniques have been deployed 
for the preparation of LTO and the choice of synthesis greatly influences the 
performance of LTO electrode. However, the making cost ($/kg) plays a pivotal role 
when mass production is considered. At the same time, the packing density of the 
electrode material also plays a crucial role. With increasing demands for light weight 
battery systems on board, a high packing density of the electrode material is 
inevitable. High packing density of the material translates directly into high 
volumetric energy density of the battery system. Hence, an ideal synthetic approach 
must deliver electrode materials that are cost-effective and high dense, apart from the 
process itself being scalable and environmentally friendly. 
(v) Improving the electrochemical performance of Li4Ti5O12 
 Despite many favorable features such as zero strain, cyclic performance and 
safety, the low electronic conductivity of this material impedes its high rate 
operation.
115
 The low electronic conductivity of LTO is attributed to the presence of 
empty Ti-3d states corresponding to a band gap of 2-3 eV.
115
 Hence, researchers have 
overcome this problem by developing various strategies such as carbon coating, 
nanostructuring, mesostructuring, doping and nitridation. 
In-situ carbon coating 
 The inherently low electronic conductivity of Li4Ti5O12 can be overcome by 
coating the particles with a continuous layer of conductive carbon.
116, 117
 In 
conventional electrode preparation process, the ex-situ carbon is physically mixed 
with LTO along with the binder. The electrolyte upon contact with LTO particles 
release Li
+
 ions to the particle surface. For the charge transfer reaction to be complete, 






Figure 1.23 Schematic representation of LTO with (a) ex-situ and (b) in-situ carbon. 
However, the carbon coating around LTO particles being non-uniform, the charge 
transfer reaction occurs only at selected spots in the particle, leaving portions of LTO 
particles unreacted (Figure 1.23a). On the other hand, when a continuous layer of in-
situ carbon is coated around the LTO particles, the charge-transfer reaction occurs in 
most parts of the particle, resulting in increased electrochemical activity (Figure 





 The electrochemical storage performance of LTO has also been improved by 
reducing the particle size as the lithium diffusion pathways are shorter in 
nanomaterials compared to bulk counterparts. In this regard, various researchers have 
synthesized nanostructured LTO to improve its rate performance.
118, 127-130
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the small particles demonstrate high initial storage capacity than bulk particles. 
Excess storage capacity in small particles was attributed to the concurrent occupation 
of 8a and 16c sites in the near surface. Borghols et al. studied the lithium storage 
behavior in LTO particles of different sizes namely, 12 nm and 31 nm.
131
 Feckl et al. 
recently showed outstanding high rate performance using nano LTO in which high 




 Mesoporous materials are those in which pore size is fairly comparable to 
grain size. This architecture with high internal porosity ensures easy access to Li
+ 
across the electrode/electrolyte interface. Further, nanometric wall dimensions of 
mesoporous materials ensure short Li
+
 transport leading to enhanced high rate 
performance. In this regard, many researchers have prepared LTO with a mesoporous 











. After lithium insertion, the spinel phase is transformed into 




 valency. Presence of a mixed valance 
Ti in Li7Ti5O12 induces electronic conductivity at the surface of LTO particles, thus 
facilitating rapid transfer of electrons through the external circuit. During subsequent 
Li extraction, an insulating Li4Ti5O12 phase is formed again, limiting the rate of 





 valence by doping metal or non-metal ions on Li, Ti or O sites. 
Concomitantly, Chen et al. substituted Mg for a fraction of Li (Li4-xMgxTi5O12, x   
1)
143













performed using various metal such as Cr, Ni, Fe, Ta, Zn, La or non-metal dopants
144-
154
 to improve the electronic conductivity. 
Nitridation: 
 Titanium nitride (TiN) is a well know metallic conductor and its deployment 
as coating agent in electrode materials enhances the electronic conductivity. Park et 
al. modified the surface of LTO by a process of thermal nitridation.
115
 Annealing 
pristine LTO in NH3 atmosphere at 700 ˚C for 1 h decomposes the surface of LTO 
into TiN and Li2CO3. As a result, a mixed valance state Li4+δTi5O12 with a TiN 
surface layer is formed leading to enhanced high rate performance.
115
  
(d) Titanium dioxide-TiO2 
 In pursuit of exploring anode materials with better safety, TiO2 based anode 
materials have been a subject of intense research. Similar to Li4Ti5O12, the insertion 
potential of Li in TiO2 occurs at ~ 1.70 V vs. Li/Li
+ 
eliminating possibilities of 
dendrite growth as well as SEI formation.  
 
Figure 1.24 A typical voltage profile of in-house TiO2 vs. Li/Li
+
 























Favorably, the theoretical capacity of TiO2 is 335 mAh g 
-1 
much higher than the 




 Currently, 8 







 are well studied phases for lithium storage. The typical voltage profile of 
an in-house anatase TiO2 is shown in Figure 1.24 in which plateaus corresponding to 
Li
+
 insertion and extraction are seen at 1.76 and 1.91 V respectively with charge 
capacities ~ 260 mAh g
-1
. 
1.7.2 Alloying hosts 
 The ability of lithium to alloy with metals in the presence of an electrolyte has 
triggered intense research interests on exploring possible alloying hosts for lithium 
storage.
162
 Lithium alloying mechanism is represented in Equation 1.6. 
                  (1.6) 
Among the various metals in Group 1V and V of the periodic table, silicon, tin and 
antimony are the most well studied materials for lithium storage. The capacities 
achieved by alloying mechanism are much higher than commercial insertion hosts 
such as graphite. For example, silicon has a lithium storage capacity in excess of 4000 
mAh g
-1 




 As the storage 
capacities of alloying anodes are very high, they improve the energy density of the 
batteries. Despite high storage capacities, alloying anodes suffer from severe volume 
changes during repeated alloying and de-alloying.
164, 166
 Volume changes in turn 
induce mechanical stresses in the electrode material which lead to cracking and cause 
electrical disconnections between the electrode material and the current collector. 
Such a scenario, results in capacity loss with every progressive cycle finally leading to 





 nanostructuring to provide better strain accommodation167 
 dispersing active material on a buffer matrix to contain volume expansion168 
 coating active material surface with conductive coating167, 169 
 choosing appropriate binders that maintain the integrity between the active 
material and current collector.
170, 171
 
1.7.3 Conversion hosts 
 Since the lithium storage capacities of insertion hosts are limited, new 
materials and mechanisms that permit higher Li uptake were actively investigated. In 
this regard lithium storage by conversion reaction
172
 has received tremendous 
attention as it allows the storage of more than one mole of Li per formula unit. The 
two key advantages of conversion reactions over graphite anodes are  
  high lithium storage capacity atleast 2-3 times more than graphite 
 higher operating voltage vs. Li/Li+ unlike graphite which eliminate safety 
concerns 
In 2000, Poizot et al. demonstrated conversion reaction in various transition metal 
oxides (TMOs) in which reversible lithium uptake and extraction was shown to occur 
at deep discharge voltages (upto 0.01 V).
172
 The mechanism of conversion reaction is 
summarized in Equation 1.7 
     (   )                  (1.7) 
where A = transition metal, B = anion (O,F,S,P and N), n = oxidation state of B. 
 During lithium uptake, metal oxides are reduced into composites of metal 
embedded in an amorphous Li2O matrix. The reverse reaction i.e. lithium extraction 






The reversibility of lithium storage in conversion reaction is attributed to the 
nanometric size of the metal particles which easily decompose the LinB matrix upon 
lithium extraction. For example, though Li2O is highly stable in bulk, the same 
compound can be decomposed at nano size. Since internally nanostructured 
architectures rather than individual nanoparticles are formed during the conversion 
reaction, low packing density associated with individual particles are conveniently 
eliminated.
175
 Conversion reactions have been documented for oxides, phosphides, 






Figure 1.25 Typical voltage-capacity profile of a material undergoing conversion reaction 
 The voltage profile of materials undergoing conversion reaction could be 
briefly divided into four parts (Figure 1.25)  
(a) Insertion regime: Before the onset of conversion reaction, lithium is first stored by 








































(b) Conversion regime: This region accompanied by a long voltage plateau which is 
the fingerprint of lithium uptake by conversion mechanism. 
 In this plateau range, the TMO is reduced to M/Li2O nanocomposite.
172
 
(c) Solid electrolyte interphase: Following the conversion regime is a sloping tail like 
profile that corresponds to the formation of a gel-like layer commonly referred to as 
the solid electrolyte interphase (SEI).
177
 
(d) Interfacial lithium storage: Besides capacity contribution from SEI, the extra 
capacity along the slope region is also believed to be attributable to the storage of 






are stored in the 
interface present in the oxide side while electrons 
 
are localized in the side of the 
metal. This results in charge separation between Li
+
 ions and electrons forming 
double layer with a pseudo capacitive behavior.
178, 179
 
1.7.3.1 Conversion reaction on selected transition metal oxides  
 Transition metal oxides are the most well studied candidates for lithium 
storage by conversion reaction primarily due its ready availability and ease of 
synthesis. Conversion reaction occurring in selected metal oxides is summarized 
below 
(a) Chromium oxide - Cr2O3 
 Cr2O3 has a high theoretical capacity of 1058 mAh g
-1 
with a lithium uptake 
potential of 0.2 V, the lowest potential for any material that stores lithium by 
conversion reaction.
180, 181
 Conversion reaction in Cr2O3 is represented in Equation 
1.8.  
                          (1.8) 
Though capacities in excess of theoretical limits are observed quite frequently in this 








(b) Manganese oxides - MnO2, Mn2O3, Mn3O4 and MnO 
 MnO2 has the highest theoretical capacity of 1233 mAh g
-1
 among all 
transition metal oxides that undergo conversion type reaction. Other types of 






 have also been 
investigated for lithium storage by conversion reaction. The theoretical capacities of 
Mn2O3, Mn3O4 and MnO are and 1018, 934 and 755 mAh g
-1
 respectively. The 
conversion reaction in manganese oxides is summarized in Equations 1.9 - 1.12.  
                       (1.9) 
                          (1.10) 
                          (1.11) 
                      (1.12) 
Generally, the lithium uptake in manganese oxides results in a long plateau at 0.4 
V.
186-188
 A number of reports on lithium storage in manganese oxides have shown 





(c) Iron oxides - α, γ -Fe2O3 & Fe3O4 
 Iron oxides offer a great advantage compared to other metal oxides as they are 







 have been well documented for the 
lithium storage by conversion reaction. The theoretical capacity of α-Fe2O3, γ-Fe2O3 




The average lithium uptake 
potential of iron oxides is in the range ~ 0.7-0.9 V. The conversion reaction in iron 
oxides is summarized in Equations 1.13 - 1.14. 




                          (1.14) 
 
 
Figure 1.26 Voltage profile of in-house Fe3O4 vs. Li/Li
+
 
Figure 1.26 represents the typical voltage profile of in-house Fe3O4 in which a long 
flat plateau at 0.80 V corresponding to conversion reaction is seen. 
(d) Cobalt oxides - CoO and Co3O4 
 Two forms of cobalt oxide namely, CoO and Co3O4 have been known to store 
lithium by undergoing conversion reaction.
195, 196
 The theoretical capacities of CoO 
and Co3O4 are 715 and 890 mAh g
-1
. The conversion reaction in cobalt oxides are 
summarized in Equations 1.15 - 1.16. 
                       (1.15) 
                          (1.16) 
Several groups have reported capacities in excess of 800 mAh g
-1 
which could be 
retained over 100 cycles.
197-200
 Though cobalt oxides display favorable 
electrochemical performance, their toxic nature and high cost discourage its 
commercial applications.  

























(e) Nickel oxide - NiO 
 Nickel oxides are relatively less studied for their conversion reaction 
compared to cobalt or iron oxides. The theoretical capacity of NiO is 718 mAh g
-1
 





 have been investigated for their lithium storage by conversion reaction. 
The conversion reaction in NiO is provided in Equation 1.17. Typical voltage profile 
of in house NiO is shown in Figure 1.27 
                      (1.17) 
.  
Figure 1.27 Voltage profile of in-house NiO vs. Li/Li
+204
 
(f) Copper oxides - CuO and Cu2O 




 have been known for 
lithium storage by conversion reaction. The theoretical capacity of CuO and Cu2O are 
670 and 374 mAh g
-1
. Similar to other metal oxides mentioned above, researchers 
have succeeded in achieving reversible capacities via conversion reaction in copper 


































 Conversion reaction in copper oxides is summarized in Equations 1.18-
1.19. 
                       (1.18) 
                        (1.19) 
(g) Molybdenum oxides - MoO3 and MoO2 
 Both MoO3 and MoO2 are known to store Li by conversion reaction.
209, 210
 The 
theoretical capacity of MoO3 and MoO2 are 1117 and 838 mAh g
-1 
respectively. 
Conversion reaction in molybdenum oxides are summarized in Equations 1.20-1.21. 
                       (1.20) 
                       (1.21) 
A number of studies have previously focused on improving the performance of MoO3, 
few of which include (i) preparing nanostructured MoO3 particles by hot wire/filament 
chemical vapor deposition technique (HWCVD) 
209
; (ii) Al2O3 coated MoO3 by 
atomic layer deposition technique (ALD) 
211, 212
, (iii) MoO3 by high energy ball 
milling
213, 214
 (iv) carbon coated MoO3 by hydrothermal technique
215
. Other strategies 
include (i) doping tin or sodium in MoO3 
216, 217
, (ii) Si/MoO3-x hybrids
218
 and (iii) 
SnO2/MoO3 core-shell nanobelts
219
. Although above works show promising 
improvements, achieving stable cyclability and convincing rate performance from 
pristine MoO3 has remained a challenge 
 MoO2, a lower oxide of molybdenum has also been extensively studied as 
anode material for LIBs.
220-225
 It has been suggested that the conversion reaction in 
bulk MoO2 is kinetically limited i.e. only addition type reactions occur rather than 
conversion type reactions for bulk particles.
220












(h) Ruthenium oxide - RuO2 
 RuO2 has been considered to be the model material for studying conversion 
reaction in TMOs.
228, 229
 Infact, RuO2 is the only documented metal oxide that has 
shown near 100% reversibility in the first cycle of conversion reaction.
228
 The 
conversion reaction in RuO2 is represented in Equation 1.22. 
                       (1.22) 
Though RuO2 shows 100% first cycle coulombic efficiency, its high cost coupled 
with poor cyclability restrict its presence in commercial applications. Table 1.1 
summarizes the first cycle plateau potential and theoretical capacity of various 
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1.7.3.2 Conversion reaction on selected transition metal sulphides 
 Apart from TMOs, lithium storage by conversion reaction has also been 
documented in metal sulphides. Upon Li uptake, metal sulphides are converted into 
nanometric metal (M) dispersed in an Li2S matrix. During the reverse conversion 
reaction, the metal sulphide is formed again. Given below are few examples of metal 
sulphides that store Li by conversion reaction. 
(a) Manganese sulphide - MnS 
 Very few reports exist in literature for the conversion reaction in manganese 
sulphide.
238
 The theoretical capacity of MnS is evaluated to be 616 mAh g
-1
. 
Conversion reaction in MnS is shown in Equation 1.23. 
                      (1.23) 
The main limitation MnS is its low electrical conductivity which affect its 
electrochemical performance.
239
 Though lithium storage occurs in MnS, there is no 
convincing evidence for lithium storage bye conversion reaction in it.
240
 
(b) Iron sulphide - FeS2 and FeS 
 Two forms of iron sulphide namely, FeS2 and FeS have been known to 
undergo conversion reaction. The theoretical capacity of FeS2 and FeS are evaluated 
to be 850
241




 Insertion reaction occurs first resulting in the 
formation of Li2+xFe1-xS2.
242, 243
 followed by the conversion reaction at deep discharge 
voltages. The conversion reaction in iron sulphides is summarized in Equations 1.24-
1.25.  
                         (1.24) 
                       (1.25) 
Although capacities in the range 500-600 mAh g
-1
 have been achieved in iron 
sulphides,
241






(c) Nickel sulphide - NiS2 and NiS 
 Two forms of nickel sulphide namely NiS2 and NiS
245
 have been known to 
undergo conversion reaction. The theoretical capacities of NiS2 and NiS are and 870 
and 590 mAh g
-1
 respectively. Conversion reaction in nickel sulphides are 
summarized in Equations 1.26-1.27.  
                        (1.26) 
                      (1.27) 
Poor reverse conversion efficiency and sulphur dissolution in the electrolyte 
discourage its practical applications. 
246, 247
The only approach that has helped so far in 




(d) Molybdenum sulphide - MoS2 
 MoS2 is one of the most studied metal sulphides for lithium battery 
applications.
245, 249-256
 The theoretical capacity of MoS2 is evaluated to be 1100 mAh 
g
-1
. Conversion reaction in MoS2 is shown in Equation 1.28.  
                       (1.28) 
Among metal sulphides, MoS2 is the only material that shows outstanding rate 





1.7.3.3 Conversion reaction on selected transition metal fluorides 
 Having reviewed the conversion reaction in metal oxides and sulphides, the 
conversion reaction in metal fluorides are presented in this section. Since M-F bonds 
have high ionicity, the lithium uptake potentials of metal fluorides are quite high > 2.0 






(a) Iron fluorides - FeF3 and FeF2 
 Among metal fluorides, FeF3 is the most studied material for lithium storage 
by conversion reaction. 
257-260
Preliminary studies showed that upto 0.5 Li could be 




 The theoretical 
capacities of FeF3 and FeF2 are 712 and 571 mAh g
-1
. Conversion reaction in iron 
fluorides is summarized in Equation 1.29-1.30.  
                        (1.29) 
                        (1.30) 
Besides RuO2, FeF3 is the only other material to demonstrate ~ 100% coulombic 
efficiency in the first cycle.
262
 However, one limitation with iron fluorides as cathode 
materials is that they do not have lithium in their starting composition and hence they 
are to be pre-lithiated before use as cathodes. 
(b) Copper and Nickel fluorides 
 Investigations on copper and nickel fluoride dates back to early 1970s for 
application in lithium primary cells.
263
 However, only very recently these materials 
are being revisited for lithium storage by conversion reaction.
264
 Conversion reaction 
in copper and nickel fluorides are summarized in Equations 1.31-1.32.  
                        (1.31) 
                       (1.32) 
The theoretical capacities of CuF2 and NiF2 are 528 mAh g
-1 
and 550 mAh g
-1 
respectively.  
1.7.3.4 Conversion reaction on metal phosphides and nitrides 
 Besides, oxides and fluorides, conversion reaction has also been witnessed in 
phosphides and nitrides. During the lithium uptake, metal phosphides and nitrides are 































 have been reported for lithium storage 
by conversion reaction. 
1.7.3.5 Challenges on the road ahead for conversion hosts 
Low first cycle coulombic efficiency:  
 The first cycle coulombic efficiency of conversion hosts which is the ratio of 
Li extraction to Li uptake capacity has been sparingly low (40-70%) in most cases 




 The three major reasons for the low 
coulombic efficiency witnessed in conversion reactions are (i) irreversible electrolyte 
decomposition, (ii) incomplete reverse conversion reaction owing to electrically 
disconnected product after discharge and (iii) incomplete formation of the original 
compound after Li extraction leading to a new phase.
173
 The coulombic efficiencies 
after the first cycle are generally high reaching 100%.
200, 232, 277
 It has been argued that 
this improvement in the coulombic efficiency after the first cycle arises from the 
nanostructuring induced by conversion reaction.
173
 However, capacity losses are 
witnessed even if the starting materials are in the nanometric dimensions.
277
 Hence, 
the exact origin of the improvement in coulombic efficiency after the first cycle is still 
unknown. The polymeric layer is formed during Li uptake and dissolved in the 
subsequent extraction which repeats in the subsequent cycles. For 100% efficiency, 
the above process must also be completely reversible with formation of original 
electrolyte species during charge. However, there are no experimental evidences to 
support this hypothesis. Hence, the mechanisms which are responsible for inducing 






Poor cyclability:  
 Huge volume changes induced during conversion reaction result in electrically 
disconnected electrode particles.
173
 Additionally, for metal sulphides, loss of sulphur 
in the electrolyte also contributes to the fading capacity.
248, 278
 Until now, there has 
been no successful report of any conversion host demonstrating cycle life in excess of 
1000 cycles. However, this problem can be overcome by adopting successful 
techniques that have been shown for alloying materials which undergo much higher 
volume change.
279
 The challenge in using specially engineered nanostructures is that 





 and integrated current collectors
181, 232, 280, 282
 have 
shown promising improvements to the cyclability.  
Huge voltage polarization:  
 The Li extraction profile of most conversion electrodes appears to be a sloping 
plateau in comparison to the flat Li uptake voltage plateau. High voltage hysteresis 
between the discharge and charge profiles of conversion electrodes lowers the energy 
efficiency of batteries. The difference in the voltage profiles arises from the drastic 
increase in the surface area induced during the conversion reaction.
173
 Besides this, 
the change from crystalline to amorphous phases during the conversion reaction is 
also attributed to the voltage hysteresis.
283
 Changes induced in the electrochemical 
potential during conversion reaction lead to marked deviation from the bulk potential 
in the first conversion (ΔEconv) and reverse conversion (ΔErev conv) cycles. Presence of 
ΔEconv and ΔErev conv results in overall voltage hystereis which affect the efficiency of 
the cycle. Besides the above factors, the polarization is also found to be dependendent 




to oxides. However, the role of covalence of the anion on the hysteresis is still not 
clear and will have to be investigated. 
1.8 Sodium Ion Batteries  
 Though lithium ion batteries (LIBs) have found success in commercial market,  
their high cost and limited availability
284
 is a matter of concern if these batteries were 
to be implemented for large scale applications.  
 
In this context, development of alternate low cost sodium ion batteries (NIBs) is 
thought to be highly encouraging. Further, the similarity in the alkaline ion chemistry 
between lithium and sodium ions facilitate easy transfer of materials and methods 
from LIBs to NIBs. The choice of Na is also favored from an electrochemical 
standpoint as sodium is characterized by a highly negative redox potential (-2.71 V 





Table 1.2 compares the characteristics of Li and Na ion batteries. 
Table 1.2 Comparison of the properties of Li and Na ion battereis 
Feature Lithium Sodium 
Voltage vs. standard hydrogen 
electrode 
-3.04 V -2.70 V 
Cost of starting precursors: lithium 








Radii of the ions 0.69 Å 0.98 Å 
Capacity density 3.86 A h g
-1




“Sodium is cheap and available in abundance in sea water 




Despite the above advantages in cost and reserves, the energy density of NIBs will be 
less than LIBs. This is firstly because the equivalent weight of Na is higher than Li 
and secondly there exists a competing trend in ionization potential and size of the 
alkali metal. Generally, the ionization potential which is the ability to remove the 
electron increases as we move from cesium to lithium in the periodic table. The lower 
the ionization potential, easier it is to remove the electrons from the sodium 
containing cathode to anode, for e.g. graphite. The gain in energy during this charge 
transfer decreases as we move from cesium to lithium (cesium> 
rubidium>potassium>sodium>lithium). However, for lithium intercalation, this trend 
is inconsistent as the ionic diameter increases from 2 Å to 4 Å in the same series. 
Thus, the energy density of NIBs will be less than LIBs and hence NIBs can find 
potential applications where the weight and foot print requirements are not stringent, 
such as in electric grids. NIB technology still remains in its nascent stage compared to 
the advances in the LIB technology. In this regard, both positive and negative 
electrode materials along with suitable electrolytes must be developed for NIBs. 
Figure 1.28 displays the prominent families of electrode materials that have been 





Figure 1.28 Prominent families of electrode materials investigated for sodium ion batteries
9
 
1.9 Cathode materials for sodium ion batteries  
1.9.1 Metal oxides 
 Since layered metal oxides were well studied for LIBs, they have also been 
actively investigated for NIBs. NaxMO2 (0.4 < x < 1) an analog of LiCoO2 has been 
extensively studied as a cathode material for NIBs.
286-288
 These layered oxides have 
oxygen, sodium and metal in the following repetitive sequence OMONaOMONa.
9
 
Large tunnels in the crystal structure of Na0.44MnO2 facilitate sodium transport in the 
crystal structure.
289-291





 For 0.5 < x < 1 in NaxCoO2, four different phases with octahedral or 
trigonal prismatic sodium coordination have been reported.
286, 287, 293, 294
 Among the 
four phases, P2-NaxCoO2 showed better electrochemical activity with capacities in the 




Sodium activity in P2-Na2/3[Ni1/3Mn2/3]O2 phase studied by 
Dahn et al. showed capacities of 161 mAh g
-1




























































Owing to the complex plateaus and sloping profiles, P2-NaxCoO2 and P2-




Figure 1.29 Crystal structure of Na0.44MnO2 depicted perpendicular to the ab plane
9
 
 NaxMnO2 introduced by Doeff et al has been considered to be an interesting 
candidate owing to unique crystal structure with an orthorhombic lattice in Pbam 
space group (Figure 1.29).
289
 In this structure, Mn
4+
 and half of Mn
3+
 ions occupy the 
octahedral sites and the other half of Mn
3+
 assemble as square pyramids in which two 
tunnels are formed.
9
 Two of the sodium sites are placed in the large S-shaped tunnel 
and the third sodium site is situated in the smaller tunnel. In this structure, the sodium 
ions diffuse primarily across the c direction. NaxMnO2 bronze displays capacities of 
180 mAh g
-1




 Yet another metal oxide which 
has been documented as a cathode material for sodium storage is  NaV6O15.
298
 
Plateaus corresponding to Na insertion occur at 2.50 V vs. Na/Na
+
 with capacities in 
the range 60 mAh g
-1
. Besides the above mentioned oxides, Fe3O4 and α-Fe2O3 have 
also been reported for sodium storage by insertion reaction in which storage capacities 








1.9.2 Olivine phosphates 
 Table 1.3 represents some of the prominent olivine phosphates that have been 
reported in literature for sodium storage. NaFePO4, a sodium analogue of LiFePO4 has 
a theoretical capacity of 154 mAh g
-1





Na[Mn1-xMx]PO4 (M= Ca, Mg and Fe), the next member of the olivine family have 




 superionic conductor) based 
materials have spurred great interest for both lithium and sodium ion batteries owing 
to their compatibility even with aqueous electrolytes. Sodium vanadium phosphate 
Na3V2(PO4)3, the sodium analogue of Li3V2(PO4)3 exhibits a theoretical capacity of 
118 mAh g
-1





this material displays the highest gravimetric energy density among various 
compounds such as NaCoO2, NaNiO2, Na3Fe2(PO4)3.
9
 






No. of electrons 
transferred 
Reference 
NaFePO4 154 1 
300
 
Na2FePO4F 124 1 
304
 
NaFe2Mn(PO4)3 108 2 
9
 
NaVPO4F 143 1 
305
 
Na3V2(PO4)3 118 2 
302, 303
 
Na3V2(PO4)2F3 128 2 
306
 




Recently, this material was reported to insert/extract sodium reversibly for ultra-long 






Fluorophosphate based compounds have also been investigated as cathode materials 
for NIBs as the presence of fluorine results in higher Na
+








been tested as cathode materials for NIB application. Apart from phosphate based 
cathodes, sodium zinc hexacyanoferrate Na2Zn3[Fe(CN)6]2.xH2O
309
 and sodium iron 
ferrocyanide Na4Fe(CN)6/C have been documented for sodium storage activity.
310
 
Very recently novel cathode materials namely sodium cobalt pyrophosphate and 
sodium iron pyrophosphates have been disclosed.
311, 312
 Sodium iron pyrophosphates 
demonstrate reversible sodium storage capacities of 80 mAh g
-1
 with a plateau 
potential at 3.0 V.  
1.10 Anode materials for sodium ion batteries 
 Similar to LIBs, anode materials for NIBs are categorized into three groups in 
this dissertation) namely, (i) insertion hosts, (ii) alloying hosts and (iii) conversion 
hosts (Figure 1.30).  
 
Figure 1.30 Classification of anode materials based on Na uptake mechanism 
 
Conversion hosts
• Metal oxides NiCo2O4 and Sb2O4















1.10.1 Insertion hosts 
(a) Carbons 
 Sodium storage by insertion reaction has been well studied in carbonaceous 





 Later, Tirado et al. investigated sodium insertion in amorphous carbon black and 




 Sodium was found to be stored in bent 
layers of graphene in the carbon black and the surface of carbon was limiting the 
achievable capacity. Consistent with this observation, high surface area carbons 





 Even higher storage capacities of 300 mAh g
-1
 was reported by Dahn et al. by 
using hard carbons obtained from the pyrolysis of glucose.
316
 It was shown that such 
high capacities resulted from sodium storage that occurred between the graphene 
layers and on the pores of the carbons. Sodium storage in non-graphitized carbons 
showed capacities in the range 200-300 mAh g
-1284, 313, 317-320
 much higher than 
graphite.  
(b) Titanium dioxide and lithium titanate 





 have also been reported for similar sodium storage activity. Xiong 
et al. reported sodium storage by insertion reaction in TiO2 nanotubes in which 
capacities of 150 mAh g
-1 
was achieved over 15 cycles.
321
 They showed that the 
limiting factor for sodium storage in TiO2 nanotubes was the diameter as tubes with 
smaller diameters did not show sodium storage behavior. It was explained that large 
diameter tubes have appreciable volume of sodium electrolyte to support the 
electrochemical activity and hence reversible capacities could be achieved.
321
 Liang et 




a well-known anode material for LIB. The average voltage for Na
+
 ion insertion was 




 Based on ex-situ 
XRD measurements, it was shown that the end product of sodium insertion was a 
mixture of LiNa6Ti5O12 and Li7Ti5O12. 
(c) Sodium titanium oxides 





 The plateau corresponding to the reduction was found to 
occur at 0.3 V vs. Na/Na
+
 with a capacity of 200 mAh g
-1
. Rudola et al. recently 






 for the 
insertion of sodium into Na2Ti3O7.
324
 Further, the rate performance upto 5C and 
cyclability over 50 cycles were demonstrated in this study. 
(d) Disodium terephthalate 
 Zhao et al. disclosed the sodium storage in disodium terephthalate Na2C8H4O4, 
a potential anode material for sodium battery application.
325
 This material displays an 
attractive flat plateau potential at 0.29 V vs. Na/Na
+
 with reversible capacities of 250 
mAh g
-1
. Further, it was also shown that atomic layer deposition with Al2O3 could 
significantly enhance the coulombic efficiency and cyclability.  
(e) Sodium titanium phosphate 
 Sodium insertion in NASICON type sodium titanium phosphate NaTi2(PO4)3 
was demonstrated by Park et al.
326
 It was found that sodium intercalates via a two 
phase mechanism at a potential of 2.1 V resulting in capacities of 120 mAh g
-1
. It was 
also shown that the polarization was significantly smaller for the aqueous electrolytes 





1.10.2 Alloying hosts 
 Analogous to lithium storage by alloying reaction in Li, similar reactions have 






 leading to high 
storage capacities. The mechanism of Na storage by alloying is shown in Equation 
1.33. 
                       (1.33) 
Tin antimony alloys, Sn/Sb/C shows stable capacities in excess of 500 mAh g
-1
 at a 
current rate of 100 mA g
-1 
while antimony alloys Sb/C exhibits stable capacities in 
excess of 600 mAh g
-1 
at similar current densities.
285, 328, 329
. Sodium storage in many 




1.10.3 Conversion hosts - Transition metal oxides and sulphides 
 Analogous to the lithium storage by conversion mechanism, a few metal 
oxides and sulphides have been identified to store Na by conversion reaction. The 
mechanism of conversion reaction with sodium is represented in Equation 1.34. 
     (   )                  (1.34) 
where A = transition metal, B = anion, n = oxidation state of B. 
(a) Nickel cobalt oxide 
 The first material to be reported for sodium storage by conversion reaction 
was NiCo2O4.
331
 During Na uptake at deep discharge conditions, NiCo2O4 was shown 
to be reduced into metallic Ni, Co and Na2O.
332, 333
 Although NiCo2O4 showed huge 
irreversible capacity loss and poor cyclability, this investigation opened up research 






(b) Antimony tetroxide 
 Sun et al. disclosed sodium storage by a combination of conversion and 
alloying reaction in Sb2O4  thin films.
334
 This material most impressively exhibited 
very high storage capacities of 896 mAh g
-1
 making it a promising negative electrode 
material for NIB application. Further, the mechanism of sodium storage in this 
material was studied by X-ray diffraction (XRD) and selected area electron diffraction 
(SAED) patterns. In the same study, the authors also conveyed that FeO, CoO and 
NiO did not show significant sodium storage performance.  
(c) Nickel and iron oxide thin films 
 Very recently, sodium storage in nickel and iron oxide thin films x Fe2O3-(1-
x) NiO where x=0.38-0.49 was demonstrated by Lopez et al.
335
 Capacity values in 
excess of 870 mAh g
-1
 were demonstrated for the first cycle.
336
 The second cycle 
capacity was 590 mAh g
-1 
retaining 68% of the first cycle capacity.  





 have been shown to exhibit conversion type behavior during sodium uptake. 
All these statistics convey a very important message that many anode materials well 











1.11 Scope of the present study 
 The main objective of this thesis is to investigate lithium and sodium storage 
properties of anode materials for lithium-ion and sodium-ion batteries. Most anode 
materials that store lithium by conversion reaction have shown four main limitations: 
(i) low first cycle reversibility; (ii) poor cyclability; (iii) sluggish rate performance 
and (iv) huge voltage hysteresis. In this thesis, we aim to address the first three issues 
that have jeopardized conversion reactions, by developing a rational active material 
and electrode design. This rational design will then be applied for selected transition 
metal oxides undergoing conversion reaction. Besides conversion anodes, 
investigating lithium storage by insertion reaction in Li4Ti5O12 is thought to be highly 
rewarding, owing to its high rate capabilities and flat operating voltage. Hence, we 
aim to develop a simple synthesis route for the preparation of nanostructured 
Li4Ti5O12 without compromising its high rate performance. Finally, this thesis aims to 

































2.1 Preface to Chapter 2 
 
This chapter provides information on the various experimental techniques used in 















XRD, FESEM, EDXS, 
TEM,  FTIR, Raman, BET, 




3. Slurry coating & drying
4. High temperature heating








2.2 Active material preparation 
 In this thesis work, the active electrode materials were synthesized using one 
of the following methods: soft template method, solvothermal method and hybrid 
method combining soft template and solvothermal methods. α-Fe2O3, MoO3 and 
Li4Ti5O12 were synthesized using a soft template approach. Fe3O4 was synthesized 
using a solvothermal approach. MoO2 was synthesized using a hybrid method 
combining soft template and solvothermal method. 
2.3 Soft template method 
 In a typical synthesis procedure, a cationic surfactant, cetyl trimethyl 
ammonium bromide (CTAB) was dissolved in a solution of water and ethanol. To this 
solution, the precursors of the active material are added. The pH of the solution was 
controlled by the addition of a suitable acid or base. Finally, the resulting precipitates 
are calcined in air or inert atmosphere to obtain the desired end product. A soft 
template is generally defined as a structure directing agent that enables the assembly 
of reacting species.
108
 The soft templates assemble into aggregates called micelles 
which restrict the growth of the deposited precursors.
108
 The removal of soft templates 
by application of thermal energy results in a porous structure which is a replica of the 
aggregating species. 
2.3.1 Hematite - α-Fe2O3 
 Nanostructured α-Fe2O3 was prepared by the soft template approach. The 
schematic of the process is provided in Figure 2.1. A definite weight of the cationic 
surfactant, hexadecyl-trimethyl-ammonium bromide C19H42BrN (CTAB, Sigma 






Figure 2.1 Schematic depiction of the soft template synthesis used to prepare α-Fe2O3 
 Iron (II) acetate C4H6FeO4 (Sigma Aldrich) was then dispersed in the above 
solution. After stirring for 30 min, ammonium hydroxide was added and the pH of the 
solution was regulated at ~ 10. The resulting precipitates were dried in vacuum oven 
at 80 ˚C for 3 h and further calcined in air at 450 ˚C for 6 h. The same synthesis was 
also performed using other iron precursors such as iron chloride, iron oxalate and iron 
citrate. 
2.3.2  Molybdenum trioxide - α-MoO3 
 α-MoO3 was prepared by a soft template approach (Figure 2.2) in which 
molybdophosphoric acid, H3PMo12O40 (Sigma Aldrich) and cetyl trimethyl 
ammonium bromide (CTAB) are dissolved in a solution of water and ethanol. The pH 
of the resulting solution was ~ 2.25. Precipitates obtained from the previous step was 
collected by centrifugation and then dried in vacuum oven at 80 ˚C for 3 h and finally 
calcined in air at various temperatures ranging from 350-550 ˚C. In some cases, the 
synthesis was performed using a different molybdenum precursor ammonium 
heptamolybdenum tetrahydrate (NH4)6Mo7O24 (Alfa Aesar). 
20 nm
20 nm
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Figure 2.2 Schematic depiction of the soft template synthesis used to prepare α-MoO3 
2.3.3  Lithium titanate - Li4Ti5O12 
 Pristine Li4Ti5O12 was prepared by dispersing the cationic surfactant - cetyl 
trimethyl ammonium bromide (CTAB) or octyl trimethyl ammonium bromide 
C11H26BrN (OTAB, Sigma Aldrich) in a solution of water and ethanol (Figure 2.3).  
 
Figure 2.3 Schematic depiction of the Li4Ti5O12 preparation by soft template approach 
Stoichiometric amounts of lithium acetate dihydrate CH3COOLi.2H2O (Sigma 
Aldrich) and titanium isopropoxide Ti[OCH(CH3)2]4 (Sigma Aldrich) were then 
added. The solution was stirred continuously for 24 h after which the solvents were 









PMA – Phosphomolybdic acid

















































750 ˚C for 6 h. The pristine material (C16-LTO) was then loaded into a high energy 
ball mill (Fritsch). The powders were dry ball milled over 4 h with a rotational speed 
of 200 rpm. The ball milled samples were again heated in air at 500 ˚C for 2 h.  
2.4 Solvothermal method 
 In a typical solvothermal approach, the precursors of the metal oxide are 
dispersed in non-aqueous solvents like ethylene glycol. The contents are then 
transferred to a Teflon vessel and sealed in a stainless steel container. Thermal energy 
is then applied to initiate the reaction. The obtained precipitates are collected and 
washed with ethanol repeatedly followed by vacuum drying. Finally, the dried 
powders are calcined in an inert atmosphere. 
2.4.1  Magnetite - Fe3O4 
 Fe3O4 nanoparticles embedded in carbon matrix were synthesized by a 
solvothermal method. In a typical synthesis procedure (Figure 2.4), iron precursors 
namely, iron (II) acetylacetonate [CH3COCH=C(O)CH3]2Fe (Sigma Aldrich) and iron 
(III) acetylacetonate Fe(C5H7O2)3 (Sigma Aldrich) were mixed with a carbonizing 
agent, gluconic acid lactone C6H10O6 (Sigma Aldrich).  
 
Figure 2.4 Schematic depiction of Fe3O4 preparation by solvothermal process 
The mixture was hand ground using mortar and pestle. The resulting powder was then 









vessel was sealed in a stainless steel autoclave. The autoclave was heated to 200 ˚C 
for 16 h and cooled naturally. The black precipitates thus obtained after the 
solvothermal reaction were washed repeatedly with absolute ethanol followed by 
vacuum drying at 70 ˚C for 3 h. The dried powders were finally annealed at 450 ˚C 
for 4 h in Ar atmosphere. This sample is addressed as Fe3O4-a. A different batch of 
Fe3O4 was prepared using the above procedure, but without the addition of 
carbonizing agent. This sample is addressed as Fe3O4-b. 
2.5 Hybrid method: Combined soft template and solvothermal 
technique 
 In this approach, the active material is prepared using a combination of soft 
template and solvothermal techniques. MoO3 obtained from soft template technique 
(Refer 2.2.1.2) was used as the precursor for the synthesis of MoO2. Accordingly, 
MoO3 was mixed with a carbonizing agent, gluconic acid lactone. The mixture was 
hand ground using mortar and pestle. The resulting powder was transferred to a 
Teflon vessel (Figure 2.5).  
 








Fe precursors Carbonizing agent Solvent
Solvothermal Reaction 
200  C-16 h
Carbonization
450  C- 4h, Argon
MoO2









To this, 25 mL of ethylene glycol was added and the vessel was sealed in a stainless 
steel autoclave. The autoclave was heated to 200 ˚C for 16 h and cooled naturally. 
The precipitates thus obtained were washed repeatedly with absolute ethanol followed 
by vacuum drying at 70 ˚C for 3 h. The dried powders were finally annealed at 450 ˚C 
for 4 h in Ar atmosphere to obtain MoO2. 
2.6 Material characterization 
 The prepared active materials were characterized by X-Ray powder Diffraction 
(XRD), Field Emission Scanning Electron Microscopy (FESEM), Energy Dispersive 
X-ray Spectroscopy (EDXS), Transmission Electron Microscopy (TEM), Fourier 
Transform Infrared Spectroscopy (FTIR), Raman spectroscopy, Thermogravimetric 
Analysis (TGA) and Brunauer Emmett Teller (BET) surface area measurement. 
Finally, the active material was characterized for its electrochemical performance by 
techniques such as galvanostatic cycling; Cyclic Voltammetry (CV) and 
Electrochemical Impedance Spectroscopy (EIS). 
2.6.1 X-ray diffraction  
(a) Principle 
 X-ray diffraction (XRD) technique is an analytical approach that provides 
information on the phases present in the crystalline material. XRD works on the 
principle of Bragg’s law of diffraction (Equation 2.1).339-342  
                  (2.1) 
 In Equation 2.1,   represents the wavelength of the incident X-ray radiation, θ 
is the angle between the incident radiation and the scattering plane, and d is the 
interplanar spacing between the neighbouring planes in the atomic lattice. As per 




integral multiple (n) of the wavelength (Equation 2.1) For other angles of incidence 
that do not satisfy Bragg’s condition, the X-rays will be out of phase leading to 
destructive interference. 
(b) Procedure 
 In this dissertation, X-ray diffraction patterns were recorded using a Shimadzu 
6000 diffractometer. Cu Kα radiation with a wavelength of 1.5418 Å was used. The 
sample was spread uniformly over an amorphous glass surface. The glass slide along 
with the powder sample was then loaded into the diffractometer station. Diffraction 
patterns were collected over 2θ in the range 10-70°. A representative XRD pattern 
consists of diffraction angle plotted along the X-axis and the intensity along the Y-
axis (Figure 2.6). The peaks positions marked in this XRD pattern are unique finger 
prints of Fe3O4. As the diffraction patterns are fingerprints of the crystal structure, 
phase present in the material could be identified by interpreting the peak positions in 
the XRD pattern.  
 
Figure 2.6 A typical XRD pattern recorded on Fe3O4 for 2θ in the range 10-70° 

















































Standard patterns provided by International Centre for Diffraction Data (ICDD) were 
used for comparing the obtained patterns. To fit the experimental data with the 
standard data, Rietveld refinement was performed using TOPAS software. Scherrer’s 
formula shown in Equation 2.2 was used to calculate the grain size. 
  
  
     
         (2.2) 
In this equation, d represents the grain size, λ is the wavelength of the X-ray, θ is the 
incident angle, β is the full width at half maximum and K is the constant whose value 
is 0.9.  
2.6.2 Field emission scanning electron microscopy and Energy dispersive X-ray 
spectroscopy 
(a) Principle 
 Filed emission scanning electron microscopy (FESEM) image provides an 
electronically magnified three dimensional image of the specimen under study.
343-346
 
Stream of electrons having energies ranging from few hundred eV to keV are focused 
onto the specimen surface. Secondary electrons are ejected by inelastic scattering 
while high-energy electrons are ejected by reflection. These ejected electrons are 
collected and the signals are amplified to produce a digital image of the specimen.  
 





 FESEM images were recorded using a Hitachi S4300 microscope. The test 
sample was placed on a conductive carbon tape and mounted on the sample holder. 
Atomic layers of conductive element such as gold or platinum were then deposited on 
the sample. The microscope was operated at an accelerating voltage of 15 kV and the 
working distance was set at 8 mm. A representative FESEM image recorded under the 
above conditions is shown in Figure 2.7.  
 In a few selected cases, energy dispersive X ray spectra (EDXS) were 
recorded using a JEOL JSM-6701F microscope. EDXS is an analytical technique that 
provides information on the elemental composition of the material under study. 
During measurement, stream of electrons strike the surface of the material resulting in 
emission of X-rays. The emitted X-rays are then analyzed and the elemental 
composition is determined. A representative elemental scan on the sodiated MoO3 is 
shown in Figure 2.8 in which peaks of Na, Mo and O are seen. 
 

















2.6.3 Transmission electron microscopy 
(a) Principle 
 Similar to FESEM, transmission electron microscopy (TEM) is used to study 
the morphology of the specimen under study. Besides, it also provides useful 
information on the lattice spacing and crystallanity. A beam of electrons are allowed 
to pass through thin sample in the transmission mode
343-346
 The interaction of the 
electrons produces an image which is captured using a charge coupled device (CCD) 
camera and displayed on a fluorescent screen. TEM images provide extremely high 
resolution below 0.5 Å at magnifications > 50 million times. 
(b) Procedure 
 In this dissertation, TEM images were recorded using JEOL TEM 2010 
microscope. The sample to be studied was dispersed in a solution of ethanol. The 
solution was sonicated for 3-5 min. at room temperature. The sonicated solution was 
then deposited in a Cu grid. Finally, the sample along with the grid was taken into the 
TEM chamber. Figure 2.9 displays one such TEM image recorded using JEOL TEM 
2010 microscope. 
 




Besides TEM images, high resolution transmission electron microscopy images 
(HRTEM) and selected area electron diffraction patterns (SAED) were also recorded 
using JEOL TEM 2010 microscope. 
2.6.4 Fourier Transform Infrared Spectroscopy  
(a) Principle 
 Fourier Transform Infrared Spectroscopy (FTIR) provides valuable 
information on the molecular structure and the bonding of the material under study.
347
 
When infra-red radiations are incident on the test sample, a part of the radiation is 
absorbed while the rest is transmitted. The frequency at which the radiations are 
absorbed is detected by the spectrometer. Since the frequencies of absorptions are 
unique, the resulting FTIR spectrum is a finger print of the material under study. 
(b) Procedure 
 In this dissertation, FTIR spectra were recorded using a Nicolet 510 
spectrometer. The material to be studied was mixed with potassium bromide (KBr) 
and pressed to pellets.  
 
Figure 2.10 A typical FTIR spectrum of α-Fe2O3 









































The pellet was then loaded into the measuring station to obtain the FTIR spectrum. A 
representative FTIR spectrum recorded on iron oxide is shown in Figure 2.10. FTIR 
spectrum contains the percentage of transmittance on the Y-axis and frequency 
(wavenumbers) on the X-axis. The bands at 451 and 533 correspond to the Fe-O bond 
vibrations. 
2.6.5 Raman Spectroscopy  
(a) Principle 
 Raman spectroscopy is versatile tool that provides information on the 
vibrational, rotational and low frequency modes of a system. Raman spectroscopy 
works on the principle of inelastic scattering of monochromatic light such as LASER. 
The interaction of LASER with the material results in phonons being shifted up or 
down. This technique is complimentary to the infrared spectroscopy discussed 
previously.  
 

























 For this dissertation, Raman spectrum was recorded using Raman 
spectrometer JYT64000. The representative Raman spectra recorded on α & γ-Fe2O3 
is shown in Figure 2.11. A Raman spectrum consists of wavenumber along the X-axis 
and intensity along the Y-axis. Characteristic bands of α & γ-Fe2O3 which are the 
fingerprints of these phases are shown in the spectrum. 
2.6.6 Thermogravimetric analysis  
(a) Principle 
 Thermogravimetric analysis (TGA) is a thermal analysis technique that 
provides information on the changes in the weight of the sample as a function of 
temperature. The loss/gain of in the mass of the sample is attributed from the physical 
and/or chemical changes that occur in the material as a function of temperature. 
Thermogravimetric analysis is usually performed at a constant temperature ramp rate 
(° min
-1




Figure 2.12 A typical TG curve recorded on α-Fe2O3 
 


















 In this dissertation, TGA analysis was performed using Lab-sys Evo apparatus 
at a heating rate of 5 ˚C min-1 from 25-600 ˚C in air or N2. Figure 2.12 represents the 
representative TG curve of iron oxide sample in which the percentage of weight loss 
is plotted along the Y-axis and the temperature is plotted along the X-axis. TGA on the 
electrodes of α-Fe2O3 (Chapter 3) were carried out in Argon atmosphere in the 
temperature range 25-600 ˚C with a ramp rate of 5 ˚C. TGA on the powder samples of 
α-Fe2O3 (Chapter 3) were carried out in air in the temperature range 25-600 ˚C with a 
ramp rate of 5 ˚C TGA on the Fe3O4 powder samples were carried out in air in the 
temperature range 25-800 ˚C with a ramp rate of 10 ˚C (Chapter 4). 
2.6.7 BET Surface area measurement  
(a) Principle 
 The Brauner-Emmett-Teller (BET) method is a prominent technique used to 
compute the surface area of the material. The BET method relies on the physisorption 
of the gas species on the sample surface which form thin monolayers. By measuring 
the volume of the gases adsorbed, the surface area of the sample is computed.  
(b) Procedure 
 In this dissertation, BET measurements were performed using Quantachrome 
Nova 1200 apparatus and N2 adsorbate gas. Prior to surface area measurements, the 
samples were pre-treated at 393 K for 8 h under high vacuum. Barrett-Joyner-Halenda 







2.6.8 Qualitative adhesion test 
(a) Principle 
 Adhesion between the electrode material and current collector is an important 
parameter that governs the cyclability of the test electrodes. The capacity contribution 
from the active material is lost when the electrode particles are disconnected from the 
current collector, leading to poor cyclability. More details on this aspect are discussed 
in Chapters 3 and 4. 
(b) Procedure 
 Qualitative adhesion tests were performed by soaking the test electrodes in 40 
ml of water followed by rigorous ultrasonication for 3-5 min. During sonication, the 
electrode material peels off the current collector if the adhesion strength is weak. In a 
complimentary adhesion test, the electrodes were covered with a scotch tape for a 
short duration and the tape was hand peeled. The area of the tape covered with 
electrode material gives a qualitative estimation of the adhesion strength between the 
electrode material and current collector.  
2.7 Electrochemical Characterization 
(a) Powder mixing 
 Composite electrodes were prepared by mixing the active material with Super 
P carbon black additive and polyvinylidene fluoride PVDF (Kynar 2801) in a specific 
weight ratio. Table 2.1 summarizes the weight ratios of active material, conductive 
additive and binder of various composite electrodes investigated in this thesis. The 
active material is the host for Li/Na
+ 
ions, super P carbon black is the conductive 




active material and carbon additive were first hand ground using a mortar and pestle 
for 10-15 min.  
Table 2.1 Weight ratio of active material, conductive additive and binder used in this thesis 
Material Chapter Active material: Carbon: 
Binder 
α-Fe2O3  Chapter 3, Part 1 75:15:10 
Commercial α-Fe2O3 Chapter 3, Part 2 70:15:15 
Fe3O4-a Chapter 4 64:26:10 
Fe3O4-b Chapter 4 75:15:10 
MoO3 Chapter 5, Part 1 75:15:10 
MoO2 Chapter 5, Part 2 75:15:10 
Li4Ti5O12 Chapter 6 75:15:10 
 
 (b) Slurry preparation 
 The mixed powders were then added to a glass beaker containing the PVDF 
binder to obtain slurry. The consistency of the slurry was adjusted by adding N-
methyl pyrrolidone (NMP). The resulting slurry was stirred magnetically for 8 h to 
provide uniform blending of the active material, conductive additive and binder. 
(c) Slurry coating and drying 
 The slurry was then coated on an etched copper foil (thickness ~ 10-15 μm) 
which acts as a current collector for anode materials. A 50 µm high notch bar was 
used to spread the slurry uniformly on the current collector. The coated electrode foil 
was dried at 80-120 °C in a vacuum oven for 12 h to facilitate the removal of organic 
solvent (NMP). The vacuum dried composite electrodes were allowed to pass through 
twin rollers at ~2 MPa pressure to improve the compaction between the electrode 
material and current collector. The composite electrode was then cut into circular 




diameter 8 mm were used. The active material loading on the electrodes were usually 
in the range 1.5-2.0 mg cm
-2
.  
(d) High temperature drying 
 The electrodes of α-Fe2O3, Fe3O4, α-MoO3 and MoO2 were further subjected to 
a high temperature heat treatment in which the electrodes were heated in an inert 
atmosphere of Argon at a temperature of 250 °C for duration of 3 h. More details on 
this procedure will be discussed in Chapters 3 and 4. 
(e) Half cell assembly for lithium studies 
 Figure 2.13 provides a schematic of coin-cell assembly in which Li metal 
(Kyokuto Metal Co., Japan) was used as the counter and reference electrode against 
test electrodes namely, α-Fe2O3, Fe3O4, MoO3, MoO2 and Li4Ti5O12. 1M LiPF6 in 
ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 by volume) was used as 
the electrolyte.  
 
Figure 2.13 An exploded view of the lithium battery showing the constituent parts 
Glass micro-fiber sheets (Whatman, UK) or Celgard 2502 polypropylene micro-











on the bottom lid and 100 μL of electrolyte was added. A separator membrane was 
used to cover the surface of the electrode. Circular Li-metallic discs of size 12 mm 
diameter and ~0.59 mm thick was then placed centrally on top of the separator. 
Finally, to ensure air tight sealing a mechanical hand press (Hoshen Corporation, 
Japan) was used. 
(f) Half cell assembly for sodium studies 
Sodium batteries were built in the exact fashion as that of lithium batteries except that 
lithium metal was replaced by sodium and the electrolyte LiPF6 in EC:DEC was 
replaced by sodium perchlorate (NaClO4) in EC (ethylene carbonate):PC (propylene 
carbonate). The schematic of the sodium battery is provided in Figure 2.14. 
 
Figure 2.14 An exploded view of the sodium battery showing the constituent parts 
(g) Full cell assembly for lithium and sodium studies 
 As full cells do not have lithium or sodium in metallic form, lithium or sodium 
ion containing materials were used as electrodes. LiPF6 in EC:DEC was used as 
electrolyte for full lithium ion cells while NaClO4 in EC:PC was used as electrolyte 




assembled in this thesis. The assembled cells (both half and full cells) were then 
brought out of the glove box and aged for 24 h at room temperature before performing 
any electrochemical measurements.  
Table 2.2 List of full cells investigated in this thesis 
Full cell combination Chapter 
LiMn0.8Fe0.2PO4 vs. α-Fe2O3 Chapter 3 
LiMn0.8Fe0.2PO4 vs. Fe3O4 Chapter 4 
LiFePO4 vs. α-MoO3 Chapter 5 
LiMn2O4 vs. α-MoO3 Chapter 5 
Na3V2(PO4)3 vs. α-MoO3 Chapter 5 
Na3V2(PO4)2F3 vs. α-MoO3 Chapter 5 
Li4Ti5O12 vs. LiMn0.8Fe0.2PO4. Chapter 6 
 
2.7.1 Galvanostatic cycling 
 Lithium and sodium storage performance of the prepared electrode materials 
were tested using galvanostatic cycling or constant current cycling. A current pulse of 
a fixed magnitude is applied while the variation in potential is read. All results 
pertaining to galvanostatic cycling mentioned in this thesis were performed at room 
temperature using Arbin battery tester (model BT2000). The results of galvanostatic 
cycling are presented by plotting the variation in voltage as a function of capacity. 
Equation 2.3 was used to calculate the experimentally observed capacity 
                  (      )   
          ( )  (  )
    
   (2.3) 
 In Equation 2.3, the step time expressed in hours is the time taken to perform 
a complete charge or discharge. The active material weight      expressed in grams 




expressed in mA is the magnitude of current applied on the cells for a particular C 
rate. The active material weight (    ) in Equation 2.3 was calculated as follows: 
     (                          )                              
          (2.4) 
In Equation 2.4,           is the weight of the coated electrode and                 
is the weight of the bare electrode without any coating. The fraction of active material 
is the percentage of active material present in the composite electrode. For example, 
in case of active material:carbon:binder composition of 75:15:10, the fraction of 
active material is 0.75. 
In Equation 2.3, the current   to be applied for a particular C rate is calculated as 
follows 
                        (      )              ( )   (2.5) 
In Equation 2.5, the                      expressed in mAh g-1 is the capacity 
theoretically predicted for the active material.         is defined as the charge or 
discharge in 1 hour duration. The                      in Equation 2.5 is 
calculated as follows 
                     (      )  (
                           
      
)         
          (2.6) 
In Equation 2.6, the value of                  is 96485 C mol-
1
.           corresponds to the number of moles of Li or Na that take part in the 
reaction and  is the molecular weight of the material under study. As an illustration, 
the theoretical capacity of Fe2O3 undergoing conversion reaction is computed as 
follows. The conversion reaction in Fe2O3 is shown in Equation 2.7 in which 




         
                      (2.7) 
The theoretical capacity of Fe2O3 is calculated by using the Equation 2.6 
                     (      )  (
                           
      
)       
          (2.8) 
In Equation 2.8,      = 6 and  = 159.6. 
                     (      )  (
        
          
)        (2.9) 
Thus, the                       of Fe2O3 is calculated to be 1007 mAh g
-1
. From 
the                       values and active material weights (    ), the current   
to be applied at a particular C rate was calculated using Equation 2.5. From the 
computed values of the current  , active material weights (    ) and step time the 
observed capacities were obtained from Equation 2.3. 
2.7.2 Cyclic voltammetry  
 Cyclic voltammetry (CV) is a potentiodynamic electrochemical analysis 
technique that provides valuable information on the redox potential, phase transition 
and electron transfer kinetics that occur during the electrochemical reaction.
350, 351
 In a 
CV experiment, the potential applied on the working electrode is ramped in both 
forward and reverse directions at a definite scan rate. Scan rate is defined as the rate 
of change of potential as a function of time. During this scan, the electrolytic current 
is plotted as a function of the applied potential. The most important feature that can be 
visualized from a voltammogram is the peak position that corresponds to the redox 
couple reactions that occur during the lithium or sodium insertion/extraction. In this 
dissertation, CVs were recorded at a scan rate of 0.058 mV s
-1 
at room temperature 




2.7.3 Electrochemical impedance spectroscopy  
 In electrochemical impedance spectroscopy (EIS), a small magnitude AC 
signal is applied to an electrochemical cell and the current through the cell is 
measured. The response of the electrochemical cell to the perturbation is computed in 
terms of phase and amplitude of the current. The impedance spectra are normally 
represented as Nyquist plot in which the real part of impedance is plotted along the X-
axis while the imaginary part is plotted on the Y axis. Typically, the impedance 
spectrum is divided into three parts. The first part, RS corresponds to the solution 
resistance associated with the electrolyte impedance and electrical contacts. The 
second part corresponds to the charge transfer resistance while the third part signifies 
the Warburg impedance corresponding to the Li
+
 ion diffusion in the bulk of the 
material. The EIS experiments in this dissertation were performed using VMP3 
Biologic instrument. AC signal of amplitude of 5 mV was used to measure the 












Chapter 3-Part 1 
3. Enhancing the reversibility of lithium 














3.1 Preface to Chapter 3-Part 1 
The process of lithium storage by conversion reaction is a subject of intense research 
in the field of lithium ion batteries as it opens up the possibility of storing more than 
one mole of lithium per formula unit, leading to very high storage capacities. For 
instance, lithium storage by conversion reaction in hematite (α-Fe2O3) results in high 
theoretical capacity of 1005 mAh g
-1
. Despite this inherent advantage, sustaining the 
capacity over prolonged cycling has been a challenge until now. Further, the low first 
cycle reversibility (coulombic efficiency) results in permanent loss of lithium (20-
40%) even at the first cycle. Hence, to overcome these limitations, we report here an 
effective “active material-electrode design” incorporating the following features: (i) 
well-connected active material particles; (ii) adequate active material surface area; 
(iii) strong particle-current collector adhesion and (iv) superior degree of electrode 
drying. Incorporating these features in α-Fe2O3 electrodes enhances its overall 
electrochemical performance. For the first time, a high first cycle reversibility of 90% 
is reported for lithium storage via conversion reaction in α-Fe2O3. The long term 
cyclability over 800 cycles demonstrated here is one of highest reported values for 
this material. Even at high current densities of 5.025 A g
-1
 (12 mins of 
charge/discharge), this tailored α-Fe2O3 delivers capacities (446 mAh g
-1
) in excess of 
graphite (372 mAh g
-1
). Most importantly, this anode material also shows feasible 









 Successful deployment of lithium ion batteries (LIBs) in electric vehicles 
(EVs) and smart grids relies on the development of high capacity electrode materials 
with unrelenting safety.
352
 Lithium storage capacity of intercalation electrodes are 
normally limited by the number of electrons exchanged during the insertion/extraction 
reaction. For example, only 0.5 and 1 mol of Li can be extracted from LiCoO2 and 
LiFePO4 resulting in limited storage capacities of 137 and 170 mAh.g
-1 
respectively. 
Similarly, lithium storage in graphite (372 mAh g
-1
) is limited by the stoichiometry, 
LiC6. On the other hand, materials that store lithium by conversion mechanism exhibit 
high capacities ~ 700-1200 mAh g
-1
 due to the exchange of more than one mole of Li 
per formula unit.
172, 173, 353
 Among them, iron oxides in particular, have attracted 





 Despite these advantages, the process of Li uptake and extraction 
by conversion reaction in α-Fe2O3 is accompanied by severe volume change ~ 
100%
281
, causing electrical disconnections between the particles and current collector. 
As a consequence, α-Fe2O3 suffers from poor electrochemical performance, hindering 
its practical applications.  
 Several attempts have been made to address this limitation, a few of which 
include (i) nanostructuring α-Fe2O3 with distinctive morphologies
354, 359-363
 (ii) surface 
modification using conductive additives such as single walled carbon nanotube, 
carbon and graphene
192, 364-369
 (iii) fabricating special electrode architectures
370, 371
 and 
(iv) careful choice of the binder
281
. Although the above attempts have led to 
promising improvements in storage, in most cases the 1
st
 cycle coulombic efficiencies 




During the first cycle of lithiation, the particles of α-Fe2O3 expand by atleast 100%.
281
 
In the following Li extraction they contract, leaving behind a fraction of particles 
electrically disconnected from each other and from the current collector. Such 
disconnected particles do not contribute to the capacity in the delithiation cycle, 
resulting in low first cycle reversibility. Furthermore, the capacity is progressively 
lost in the subsequent cycles, leading to poor cycle life. 
 In this regard, we demonstrate a rational “active material-electrode design” 
incorporating the following features (i) well-connected active material particles to 
facilitate easy lithium ion incorporation/extraction and electron diffusion from/to the 
current collector; (ii) adequate surface area to ensure electrolyte wettability on the 
active material surface; (iii) strong particle-current collector adhesion to preserve the 
electrical connectivity during cycling and (iv) superior electrode drying conditions to 
modify the level of entrapped moisture in high surface area conductive additive. Such 
tailored α-Fe2O3 electrodes show excellent electrochemical performance. For the first 
time, a high first cycle coulombic efficiency of 90% is achieved for lithium storage by 
conversion reaction with cyclability over 800 cycles. Further, the tailored material 
exhibits favorable rate performance delivering 446 mAh g
-1
 at 5.025 A g
-1 
(5C), a 
capacity still higher than insertion hosts like graphite. Although RuO2 still remains to 
be the only material reported with highest first cycle coulombic efficiency (100%), its 
high cost coupled with poor rate performance and cycle life discourage commercial 
applications.
228
 Herein, we have rather developed a much cheaper alternative to RuO2 
delivering reasonably high first cycle coulombic efficiency (90%) with impressive 
cyclability and rate performance. Furthermore, the feasibility of this anode material in 




3.3 Results and Discussion 
3.3.1 Active material design - Particle connectivity and surface area 
 Figure 3.1 displays the Rietveld refined XRD pattern recorded on the iron 
oxide powder calcined at 450 ˚C. All peaks in the diffraction pattern match well with 
the standard pattern of α-Fe2O3 (JCPDS card no 33-0664). 
  
Figure 3.1 Rietveld refined XRD pattern of α-Fe2O3 
Rietveld refinement was carried out assuming rhombohedral structure and R c space 
group. The reliability factors for the fit are Rp 7.58% Rwp 9.91% and Rexp 8.85%. The 
lattice parameter values obtained from Rietveld refinement are a = b = 5.0403Å and c 
= 13.7721 Å, which are in close agreement with that of the standard pattern. The 
mean crystallite size calculated using Scherrer’s formula was found to be ~ 32 nm. 
20 nm
20 nm
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Figure 3.2 (a) & (b) FESEM images recorded on α-Fe2O3 at different magnifications. (c) 
TEM images of α-Fe2O3. Inset shows the presence of pores 
FESEM images recorded on the final product clearly reveal the presence of well-
connected active material particles (Figure 3.2a &3.2b). Further, the particle 
connectivity is also reflected by the TEM images shown in Figure 3.2c. A closer look 
at the TEM image (inset of Figure 3.2c) reveals the presence of pores possibly 
formed by the evolution of gaseous products during decomposition of CTAB and iron 
acetate. To characterize these pores and to evaluate the surface area, BET 














 with peak pore size distributions around 4.1 and 6.2 nm and a broad 
distribution around 28 nm (Figure 3.3).  
 
Figure 3.3 N2 sorption isotherms with inset showing BJH pore size distribution 
3.3.2 Improving the active material-current collector integrity 
 Besides providing favorable active material features, preserving the “active 
material-current collector integrity” is also crucial for electrodes undergoing huge 
volume changes. Herein, this integrity is preserved by enhancing the adhesion 
strength between the electrode particles and the current collector. To accomplish this, 
a simple “melt-cool process” is adopted in which the polymeric binder (PVDF) is 
heated above its melting point (170 ˚C) and solidified by cooling.170, 281, 372 To 
understand the changes that occur in the binder during this melt process, 
thermogravimetric analysis was performed on the composite electrodes of α-Fe2O3 
(Figure 3.4). 
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Figure 3.4 TGA performed on the composite electrode of α-Fe2O3 in Ar atmosphere. 
Weight loss in the temperature range 160-170 ˚C is attributed to the removal of 
moisture from the electrode and binder melting while the weight loss around 350-400 
˚C is attributed to its chemical decomposition.373 Further losses observed in the 




Figure 3.5 Optical photographs of the electrodes at different heat treatment temperatures 
To observe the physical changes that occur in the electrodes during high temperature 
heat treatment, optical photographs were recorded. As seen from Figure 3.5 the 
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electrode coating binds well to the current collector upto 300 ˚C while signs of 
withering are seen at 350 ˚C. At a slightly elevated temperature of 400 ˚C, the 
electrode coating peels off the current collector. Such withering and peeling witnessed 
here is attributed to the chemical decomposition of the polymeric binder. 
 
Figure 3.6 Cycle number vs. charge capacity of electrodes heated to different temperatures, 
b) Comparison of the XRD pattern of (i) pristine powder (ii) unheated electrodes and (iii) 
electrodes heat treated to 250 ˚C. 
 To identify the optimum electrode heat treatment temperature, galvanostatic 
cycling was performed at a selected current rate of 1C on these electrodes (Figure 
3.6a). Unheated electrodes (vacuum dried at 80˚C) retained only 28% of the first 
charge capacity after 20 cycles. A slight increment in the capacity retention was seen 
for electrodes that were heated to 200 ˚C (32%). The poor capacity retention of these 
electrodes is attributed to the insufficient degree of binder melting. Interestingly, 
electrodes heated to 250 and 300 ˚C demonstrated drastic improvement in the 
cyclability, retaining 94 and 88% of their initial charge capacities respectively. The 
better capacity retention of these electrodes could arise from the better degree of 
binder and carbon distribution across the active material. However, any further 
increment in heat treatment temperature for example at 350 or 400 ˚C resulted in 
reduced capacity retention of 76 and 21% respectively. This degradation in the 
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capacity is attributed to the decomposition of PVDF that occurs at high temperatures. 
Thus, it appears that the optimal electrode heat treatment temperature for our 
electrodes would be around 250-300 ˚C. Hence, for further discussions, we focus on 
the electrodes heated at an optimized temperature of 250 ˚C. To ensure that the phase 
of α-Fe2O3 is retained after electrode heat treatment, XRD patterns were recorded on 
the composite electrodes (Figure 3.6b). For the sake of comparison, XRD pattern of 
the unheated electrode is also provided. Absence of any additional new peaks (except 
those of Cu-substrate) in the diffraction pattern of heated electrodes suggests that the 





Figure 3.7 (a) Schematic representation of the experimental setup using which qualitative 
adhesion tests was performed, (b) &(c) Optical photographs taken on unheated electrode and 
high temperature heated electrodes after the adhesion test. 
To visualize the improvement in the adhesive properties of high temperature heated 
electrodes, qualitative adhesion tests were performed. For the sake of comparison, 
similar tests were carried out on unheated electrodes (vacuum dried at 80 ˚C). Figure 
3.7a depicts the schematic of the experimental setup in which ultrasonic waves 
irradiate the iron oxide electrodes. A video clip (http://youtu.be/kFrCQ50VB_o) of 
this adhesion test is provided. It could be seen that, for unheated electrodes, the 
electrode material coating readily peels off the current collector during ultrasonication 
while for high temperature heated electrodes (e.g. electrodes heated to 250 ˚C) the 












Evidently, optical photographs captured at the end of the adhesion tests reveal this 
difference in the integrity of the unheated and high temperature heated electrodes 
(Figure 3.7b & 3.7c). 
3.3.3 Distributing carbon and binder uniformly in the composite electrode 
 
Figure 3.8 (a-c) EDX mapping images of iron, fluorine and carbon on unheated electrodes, 
(d-f) Corresponding images recorded on electrodes heated to 250 ˚C, (g-h) Schematic 
representation of the binder distribution in unheated and high temperature heated electrodes. 
Apart from the improvement in mechanical properties, high temperature electrode 
heat treatment also facilitated better distribution of the polymeric binder and carbon 
black additive on the active material surface compared to unheated electrodes in 
which their distribution was random.
170, 281
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unheated and high temperature heated electrodes reflect this difference in the binder 
and carbon distribution (Figure 3.8 a-f). To follow the binder distribution in the 
electrode, fluorine (F) was mapped. For unheated electrodes, not all surfaces of Fe are 
covered with F and carbon (Figure 3.8 a-c). This is in sharp contrast to high 
temperature heated electrodes where most particles of Fe are covered uniformly with 
F and carbon (Figure 3.8 d-f). The uniform distribution of binder with carbon is 
extremely important for electrodes undergoing huge volume change. For instance, in 
unheated electrodes, the particles of α-Fe2O3 undergo huge volume expansion. 
(Figure 3.8g). The distribution of carbon additive with binder inherently being 
random, presents a scenario where the active material particles are prone to larger 
scale of electrical disconnections from each other and current collector during lithium 
uptake. On the other hand, for high temperature heated electrodes, the active material 
particles still undergo huge volume expansion during lithiation. However in this case, 
the distribution of carbon additive with binder being uniform enables to better 
preserve the electrical connectivity between α-Fe2O3 particles and current collector 
(Figure 3.8 h). Such improved electrical wiring around the active material particles is 
expected to provide stable cyclability and enhanced storage at high current rates.  
3.3.4 Superior degree of electrode drying 
 Besides improving the electrode material-current collector integrity, high 
temperature heat treatment employed here also provides superior degree of electrode 






Figure 3.9 FTIR spectra recorded on (i) α-Fe2O3 powder (ii) unheated electrodes and (iii) 
electrodes heated to 250 ˚C. 
Figure 3.9 represents the FTIR spectra recorded on the as-synthesized α-Fe2O3 
powder, unheated and heat treated electrodes. These electrodes contain iron oxide, 
carbon black and PVDF in the weight ratio 75:15:10. Assignments of the various 
bands in FTIR spectra are summarized in Table 3.1. All three samples (powder, 
unheated and heated electrodes) show bands in the range 440-550 cm
-1
, corresponding 
to the Fe-O bond vibrations.
375
 For the powder samples (Figure 3.9 (i)), bands in the 
range 3200-3600 cm
-1
 and 1640 cm
-1
 corresponding to surface water molecules and 
adsorbed molecular water could not be seen.
376
 On the other hand, addition of high 
surface area carbon black and PVDF to the active material gives rise to characteristic 


































































































































Fe2O3 powder 451, 533 - - - - - 
Electrode before heat treatment 451, 547 3300-3600 1638 2852, 2951 2340, 2362 840-1400 







bands of surface hydroxyl groups and molecular water (Figure 3.9(ii)). 




 are also seen. 
Upon electrode heat-treatment at 250 ˚C, the FTIR spectrum showed almost no 
signatures of adsorbed molecular water at 1640 cm
-1
 (Figure 3.9(iii)). Broad bands 
near 3317-3354 cm
-1
 corresponding to surface hydroxyl groups could still be 
observed, however with diminished intensity. Hence, high temperature electrode 
heating employed here modifies the level of moisture entrapped in high surface area 
carbon black additive, thereby providing superior degree of drying to electrodes 
compared to conventional low temperature drying procedures.  
 
Figure 3.10 Comparison of the first cycle reversibility of the unheated and high temperature 
heated composite electrodes. Note these electrodes contain carbon and PVDF in the weight 
ratio 90:10. 
The ill effect of moisture entrapment on the electrochemical performance is illustrated 
by testing composite electrodes of carbon and PVDF prepared in the weight ratio 
90:10 (note only for this test, the electrode was prepared without iron oxide so as to 
explicitly study the moisture effect and avoid contributions from volume changes). 
The first cycle reversibility of heat treated electrodes increased by 8.6% compared to 
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unheated electrodes, clearly suggesting the effectiveness of the drying provided by 
this process (Figure 3.10). 
3.3.5 Lithium storage performance in half and full cells 
 Electrodes of α-Fe2O3 incorporating the above features were then tested as 
anode materials in lithium batteries. Lithium storage by conversion reaction 
mechanism in α-Fe2O3 is represented in Equation 3.1. During discharge, Li is 
incorporated into α-Fe2O3, resulting in the formation of Fe/Li2O nanocomposites 
(Equation 3.1a). Subsequent charging (Equation 1b) causes the extraction of Li 
from these nanocomposites, leading to the formation of Fe2O3, however with a much 
smaller grain size.
193
 Interestingly, this reduction in grain size thermodynamically 
favors the stabilization of metastable γ-Fe2O3 rather than α-Fe2O3. Such reversal in the 
phase stability of iron oxides is attributed to the excess surface contribution arising at 
nanosize.
193, 380
 Subsequent cycles involve reversible conversion of γ-Fe2O3 to 
Fe/Li2O and vice versa (Equation 3.1c).
193
 
           
     
         
→                       (3.1a) 
             
      
→                 
          (3.1b) 
            
                      (3.1c) 
 Figure 3.11a shows the initial discharge and charge profile of α-Fe2O3 
electrodes at a current rate of 0.1C in the voltage window 0.04 - 3.0 V. There are three 
distinct plateaus in the discharge curve (inset). Plateaus I (1.68 V) and II (1.1 V) 
correspond to the Li insertion in α-Fe2O3 resulting in Fe(III) to Fe(II) transition
176
 
while the long plateau III (0.88 V) represents the conversion reaction, leading to the 
Fe (II) to Fe (0) transition. The tail at the end of the discharge curve is attributable to 
the formation of a gel-like film
177
 and/or interfacial storage.
381




discharge capacity was 1349 mAh.g
-1
 corresponding to an uptake of 8 moles of Li. 
SAED pattern recorded on the electrode discharged to 0.04 V shows diffraction rings 
corresponding to the formation of Fe/Li2O nanocomposites (Figure 3.11b). The 
charge profile shows a sloping plateau at ~ 1.78 V corresponding to reversible 
conversion reaction with a first charge capacity of 1221 mAh.g
-1 
(7.29 moles of Li). 
Thus the first cycle coulombic efficiency was found to be as high as 90%. SAED 
pattern recorded on the electrode upon charging to 3.0 V (Figure 3.11c) shows 
diffraction rings which are indexable to metastable γ-Fe2O3, an effect that could be 
explained by thermodynamics at nanosize.
193
 In Table 3.2, we compare the first cycle 
coulombic efficiency obtained in this work with some of the previous reports in 
literature. To the best of our knowledge, this is the highest reported first cycle 





Figure 3.11 (a) First cycle voltage profile of α-Fe2O3 electrode cycled between 0.04 V and 
3.0 V at a current rate of 0.1C. The inset shows the magnified view of the discharge profile 
with three distinct plateaus corresponding to the insertion and conversion reactions. (b) & (c) 
SAED pattern recorded on the electrode after the first discharge and charge cycles 
respectively. (d) Voltage profile of α-Fe2O3 at different current rates. (e) Corresponding rate 
performance. (f) Comparison of the AC impedance spectra of the unheated and high 
temperature heated electrodes. (g) Charge capacity retention vs. cycle number of α-Fe2O3 
electrodes at 1C after the rate performance test. 
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Well-connected α-Fe2O3 by soft 
template approach assisted with high 
temperature electrode heat treatment 
100 0.04-3 V 1349/1221 90.5 This work 
Commercial  
nano α-Fe2O3  
100 0.04-3 V 1340/716 53.4 Figure 3.12 
Sub-micron sized Fe2O3 cubes by  
hydrothermal synthesis 
40 0.01-3 V 1089/900 82.65 
382
 
α-Fe2O3 Nano rods/ hydrothermal 
synthesis 
201 0.005-3 V 1191/908 76.24 
383
 
α-Fe2O3 reduced graphene oxide 100 0.005-3 V 1693/1227 72.47 
366
 
Porous α-Fe2O3 100 0.01-3 V 1647/1163 70.6 
384
 








Figure 3.12 First cycle voltage profile of commercial α-Fe2O3 sample. Inset of this figure 
shows the FESEM image of the commercial sample and the magnified view of the first 
discharge profile with three distinct plateaus. Plateaus I and II represent the lithium insertion 
in Fe2O3 while plateau III represents the conversion reaction. 
SAED pattern recorded on the electrode upon charging to 3.0 V (Figure 3.11c) shows 
diffraction rings which are indexable to metastable γ-Fe2O3, an effect that could be 
explained by thermodynamics at nanosize.
193
 In addition to the high first cycle 
coulombic efficiency, α-Fe2O3 electrodes also demonstrated favorable Li storage at 
high current rates. Figure 3.11d & 3.11e represent the voltage profile and rate 
performance of α-Fe2O3 electrodes at various current rates (2C to 5C). The electrodes 
deliver charge capacities (Li
+
 extraction) of 752, 606, 519 and 446 mAh g
-1
 at 2, 3, 4 
and 5C respectively. The plateaus corresponding to Li uptake and extraction are 
clearly seen even at high current rate of 5C. Such impressive lithium storage at high 
current rates could be attributed to the better distribution of carbon additive on the 
active material surface facilitated by the unique electrode heat treatment. Infact, AC 
impedance spectra (Figure. 3.11f) recorded on heat treated electrodes are 































characterized by lower charge transfer resistance compared to unheated electrodes. 
Figure 3.11g shows the percentage of charge capacity retention as a function of cycle 
number. The cycle life test was performed at 1C after the rate performance test shown 
in Figure 3.11d. As could be seen, the electrodes show excellent capacity retention 
throughout the course of cycling. The cycle life of 800 cycles demonstrated here is 
one of the highest reported values for lithium storage by conversion reaction in Fe2O3. 
Initially, the capacity retention decreases and thereafter follows an increasing trend. 
Such increasing capacity during cycling has been attributed to the growth of gel type 
organic film on the metallic particles.
386
 This trend has also been witnessed by other 
groups for conversion type electrodes.
200, 281, 355, 387-389
 The average coulombic 
efficiency during this cycling was ~ 99.7% (Appendix F). 
 
Figure 3.13 a) Exploded view of the full cell assembly containing of LiMn0.8Fe0.2PO4 cathode 
and α-Fe2O3 anode. b) Voltage profile of this full cell cycled at a rate of 0.2C in the voltage 

































(b) α-Fe2O3 vs. LiMn0.8Fe0.2PO4






























 Finally, to test the feasibility of α-Fe2O3 electrodes as anode materials, full 
cells were fabricated using olivine LiMn0.8Fe0.2PO4 cathode (complete details on this 
cathode material will be published elsewhere).
390
 Since the storage capacity of the 
anode material under investigation is much higher than the cathode, a careful mass 
balance in the active material loading was made prior to full cell assembly. Figure 
3.13a illustrates the exploded view of this full cell. Upon charging the full cell, Li is 
extracted from LiMn0.8Fe0.2PO4 cathode and inserted into α-Fe2O3 anode. 
Subsequently, α-Fe2O3 undergoes conversion reaction upon Li uptake, resulting in the 
formation of Fe/Li2O nanocomposites. The entire process is reversed during charging. 
The first cycle coulombic efficiency of this full cell is only 23%. This is partly 
because in a full cell, lithium is irreversibly consumed during the formation of SEI 
which is more pronounced with higher carbon contents in our anode. Apart from this, 
the reversibility of the cathode LiMn0.8Fe0.2PO4 also plays a crucial role in 
determining the overall full cell coulombic efficiency. At the moment, our full cell is 
not completely optimized for finer details such as cathode and anode loading, as our 
objective here was only to see the feasibility of Fe2O3 anodes in full cells. Detailed 
optimizations of full cell will be taken up as a part of a separate work. The 
characteristic voltage profile of this full cell combination is shown in Figure 3.13b 









 redox couples. The average voltage for this rusty lithium ion battery is 
around 2.30 V. The voltage profile of LiMn0.8Fe0.2PO4 vs. Li/Li
+
 is provided in 





Figure 3.14 Voltage profiles of LiMn0.8Fe0.2PO4 vs. Li/Li
+
 in the voltage window 2.3-4.5 V at 
a current rate of 0.2C 
Notably, the full cells containing α-Fe2O3 anode show stable cyclability over 30 
charge/discharge cycles (Figure 3.13b). In theory, the storage capacity of α-Fe2O3 is 
nearly 6 times higher than those of cathodes like LiMn0.8Fe0.2PO4 or LiFePO4. Hence, 
for a full cell combining LiMn0.8Fe0.2PO4 or LiFePO4 with α-Fe2O3, only 0.14g of 
Fe2O3 anode is required for every gram of the cathode. On the other hand, for anode 
materials with low theoretical capacity such as Li4Ti5O12 (175 mAh.g
-1
), for every 
gram of the cathode an equivalent amount of anode is required. In other words, for the 
same active material weight, more charge could be stored in α-Fe2O3 compared to 
insertion hosts such as Li4Ti5O12. Hence, deploying α-Fe2O3 as anode materials could 
provide valuable savings to the overall weight of the battery.  
3.4 Conclusions 
 In summary, we have demonstrated an effective “active material-electrode 
design” for material systems that store lithium via conversion reaction taking α-Fe2O3 
as an example. The active material was designed to have (i) well-connected particles 
for facile lithium ion incorporation/extraction and electron diffusion from/to the 
current collector and (ii) adequate surface area for electrolyte wettability. On the other 
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hand, the electrodes were designed to (i) provide strong “active material-current 
collector” integrity and (ii) superior degree of drying to modify the level of moisture 
entrapped in high surface area carbon additive. Electrodes of α-Fe2O3 incorporating 
the above features demonstrated excellent electrochemical performance. The first 
cycle coulombic efficiency of 90% achieved here is the highest reported value in 
literature for lithium storage by conversion reaction in α-Fe2O3. In addition, the 
tailored material also showed long term cyclability of 800 cycles, one of longest 
reported cycle life in literature for α-Fe2O3 anodes. Even at high current densities of 
5.025 A g
-1
 (12 mins of charge/discharge), α-Fe2O3 still delivered capacities (446 
mAh g
-1
) in excess of graphite (372 mAh g
-1
). Finally, the prepared anode material 



























Chapter 3-Part 2 
Influence of Thermodynamics at Nano-size on Lithium 








































































3.5 Preface to Chapter 3 - Part 2 
 The importance of a robust material and electrode design in achieving 
enhanced lithium storage in iron oxide was demonstrated in the first part of Chapter 3. 
In the second part of Chapter 3, we further investigate the lithium storage by 
conversion reaction in iron oxides by studying the influential role of thermodynamics 
at nanosize on lithium storage. We show that, upon reversible conversion reaction, 
both α- and -Fe2O3 transform to nanostructured -Fe2O3 phase. Such a transition 
resulting in stabilization of metastable -Fe2O3 during lithium storage in α -Fe2O3 is 
attributed to the thermodynamics at nano-size. Thus, apart from inherent electronic 
conductivity of α-Fe2O3, thermodynamics at nano-size also appears to be one of the 


















 Most of the previous works on improving the rate performance in α-Fe2O3 
(hematite) have focused on nanostructuring,
361





 Based on a series of experiments in α-Fe2O3, Jiao et 
al. suggested that electronic conductivity is the rate limiting step for lithium storage 
by conversion reaction.
192
. In this investigation, we show that apart from electronic 
conductivity, the thermodynamic limitations also influence the lithium storage by 
conversion reaction in iron oxides. 
 
Figure 3.15 Schematic depiction of the phase change in iron oxides during conversion 
reaction 
 To elucidate this further, we focus on two forms of iron oxides namely, α-
Fe2O3 (hematite) and γ-Fe2O3 (maghemite). It is known that, in bulk, α-Fe2O3 is stable 
while γ-Fe2O3 is metastable.
380
 However, at nano regimes, the metastable γ-Fe2O3 is 
2Fe + 3Li2O 
(2-5 nm composite)
Discharge (Li uptake)
< 20 nm γ- Fe2O3
 or γ- Fe2O3  Any 
size
- Fe2O3 + 6Li
+ + 6e- 2Fe + 3Li2O
2Fe + 3Li2O γ- Fe2O3
discharge
charge
γ- Fe2O3 + 6Li
+ + 6e- 2Fe + 3Li2O






stabilized owing to excess surface contributions.
193, 380
 Thus, irrespective of the 
starting phase, α-Fe2O3 or γ-Fe2O3, the metastable γ-Fe2O3 is always found to be 
stabilized during the conversion reaction (Figure 3.15).
193
 This reversal in phase 
stability in-turn was found to influence the storage performance of the two forms of 
iron oxides. γ-Fe2O3 demonstrates much better storage performance than α-Fe2O3. 
This improved electrochemical performance in γ-Fe2O3 is ascribed to the formation of 
well-crystallized nanograins of γ-Fe2O3 compared to those of α-Fe2O3. 
3.7 Results and Discussion 
 The discharge and charge profiles of α- and γ-Fe2O3 at current rate C/10 are 
shown in Figure 3.16a and 3.16b, respectively. As can be seen, the first discharge 
capacity of α-Fe2O3 is 1340 mAh g
-1
 with a coulombic efficiency of 53.4 %. The 
plateau at 0.85 V is designated to the conversion reaction
172
 and the slope region 
beyond 0.77 V is attributed to the extra storage mechanisms.
381
 On the other hand, γ-
Fe2O3 exhibits a first discharge capacity of 1505 mAhg
-1
 at C/10 with a coulombic 
efficiency of 52.7 %. Upon further cycling, both α- and γ - Fe2O3 show nearly the 
same storage performance retaining a capacity of 500 mAh g
-1








Figure 3.16 (a) & (b) Voltage profiles of α and γ-Fe2O3 at a current rate of 0.1C. (c) & (d) 
Voltage profiles of α and γ-Fe2O3 at a current rate of 2C. 
 However, these iron oxides show interesting behavior at higher current rates. 
Figure 3.16 c and 3.16 d show the discharge and charge curves of α- and γ- Fe2O3 at 
high current rate 2C. The discharge capacity observed at the end of 10
th
 cycle for γ-
Fe2O3 is 302 mAh g
-1
, while it is only 177 mAh g
-1
 for α-Fe2O3. Thus, we observe that 
γ-Fe2O3 exhibits better storage as well as cyclic performance compared to α-Fe2O3 at 
high current rate. In order to understand this significant difference in the storage 
performance, the microstructural evolution upon cycling was investigated.  


























































































Figure 3.17 (a) & (b) - SAED patterns of α and γ -Fe2O3 charged to 3 V at C/10 rate; (c) & 
(d) SAED pattern and HRTEM image of α-Fe2O3 charged to 3 V at 2C rate; (e) & (f) SAED 
pattern and HRTEM image of γ -Fe2O3 charged to 3 V at 2C rate 
 Selected area electron diffraction (SAED) pattern and the high resolution 
transmission electron microscopy (HRTEM) image of both α- and γ-Fe2O3 charged to 
3.0 V at low current rate C/10 reveal that the resultant microstructure is highly 
(440) γ -Fe2O3
(220) γ -Fe2O3 
(400) γ -Fe2O3
















amorphous (Figure 3.17a & 3.17b). However, SAED pattern of α-Fe2O3 charged to 
3.0 V at high current rate 2C exhibits a significant improvement in the degree of 
crystallanity (see Figure 3.17c). The electron diffraction rings of charged α-Fe2O3 
could be indexed to the diffraction planes [(220), (311), (400) and (440)], 
characteristic of γ-Fe2O3. HRTEM recorded on α-Fe2O3 (Figure 3.17d) show clear 
lattice fringes of spacing 2.53 Å corresponding to the (311) plane of γ-Fe2O3. These 
results suggest that bulk α-Fe2O3 transforms to nanostructured γ-Fe2O3 during the 
conversion reaction. Such a transformation was further confirmed from the Raman 
spectrum recorded on charged sample of α-Fe2O3. Upon charging α-Fe2O3 to 3 V at 
both C/10 and 2C, distinct Raman bands were observed (see Figure 3.18) at 348, 504 
and 674 cm
-1, which are characteristic bands of γ-Fe2O3. 
 
Figure 3.18 Raman spectra of hematite starting material, charged to 3 V at C/10 and 2C 




























Hematite charged to C/10




 SAED and HRTEM recorded on γ-Fe2O3 charged to 3 V at 2C rate, reveal the 
formation of nano-sized γ-Fe2O3 as expected, however the phase appears well 
crystallized with large grains in the range of 10-25 nm (Figure 3.17e & 3.17f). Such 
anomalous growth process observed in γ-Fe2O3 at 2C unlike C/10, could be attributed 
to the local heating induced at high current rates. Thus, TEM and Raman spectral 
studies on cycled electrodes of - and -Fe2O3 suggest the stabilization of γ-Fe2O3 
phase at nano-size irrespective of the starting phase of Fe2O3 (hematite or 
maghemite). 
 
Figure 3.19 Schematic depiction of the Gibbs energy of formation for α- and γ-Fe2O3 as their 
size varies from bulk to nanometer ΔGex refers to excess surface contribution 
It is known that at nano-size the Gibbs free energy is enhanced due to the excess 
surface contribution compared to bulk.
392
 Though α-Fe2O3 is thermodynamically more 
stable (less ΔG°) than γ-Fe2O3 in bulk (20-50 nm), due to differences in the excess 































































Figure 3.19), γ-Fe2O3 is reported to be more stable than α-Fe2O3. 
380
That is, below 16 
nm grain size, thermodynamically γ-Fe2O3 is formed ruling out the possibility of 
formation of α-Fe2O3.
393
 Such thermodynamics at nano-size explains the reason for 
the stabilization of nano-structured γ-Fe2O3 during the reversible conversion reaction 
where the grain size of iron oxide is significantly reduced compared to the starting 
size. It is also interesting to note that the product (γ-Fe2O3) formed upon charging to 3 
V is well crystallized with large grain size in the case of γ-Fe2O3 compared to α-Fe2O3 
particularly at 2C. As seen from Figure 3.19, though same amount of input energy is 
utilized for both - and -Fe2O3 during the conversion reaction (i.e., operated at the 
same current rate), less energy is involved during the formation of nano-sized γ-Fe2O3 
from bulk γ-Fe2O3 )(
exG    compared to the formation of nano-sized γ-Fe2O3 from 
bulk α-Fe2O3 )(
exG   . We believe that the excessive balance energy in the case of γ-
Fe2O3 (see Figure 3.19) compared to α-Fe2O3 is dissipated in the form of local heat. 
This heat dissipation along with the similarity of the phases involved between the γ-
Fe2O3 and the nano-sized γ-Fe2O3 formed during the conversion reaction; cause the 
enhanced grain growth (see HRTEM in Figure 3.17f) during the charging cycle of 
bulk γ-Fe2O3 at 2C. We attribute the better storage capacity of γ-Fe2O3 compared to α-
Fe2O3 at 2C to the well crystallized product of nano-sized γ-Fe2O3 formed upon 
charging. Crystallanity of the end product formed here seems to have an effect on the 
lithium storage at high current rates.
193
 Thus, in addition to the inherent electronic 
conductivity,
192
 thermodynamics at nano-size of Fe2O3 also influence the rate 





 We have investigated the role of thermodynamics on the storage performance 
of α- and -Fe2O3 undergoing conversion reaction. At low current rate (C/10) both α- 
and -Fe2O3 show a stabilized capacity of 500 mAh g
-1
 at the end of 10 cycles. On the 
other hand, at high current rate (2C), α- and -Fe2O3 retains a capacity of 177 mAh g
-1
 
and 302 mAh g
-1
 at the end of 10 cycles, respectively. The key finding of this 
investigation is that both α- and -Fe2O3 form nano-sized -Fe2O3 phase upon 
charging to 3 V. Such a phase reversal in the case of α-Fe2O3 is attributed to the 
thermodynamics at nano-size (less than 16 nm). Better rate performance in -Fe2O3 is 
attributed to the formation of highly crystalline nano-grains of -Fe2O3 formed during 
reversible conversion reaction due to local heating at 2C. The enhanced crystal 
growth observed in -Fe2O3 compared to α- Fe2O3 at 2C, is due to the similarity of the 
phases between the initial -Fe2O3 and the nano-sized -Fe2O3 formed during the 
conversion reaction. Thus, we found that apart from the inherent electronic 
conductivity of Fe2O3, thermodynamics at nano-size is also one of the rate limiting 













4. A rationally designed dual role anode 
material for lithium-ion and sodium-ion 














Heat treated PVDF – Improved 
active material current-collector 
adhesion
4-10 nm Active material particles
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length
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4.1 Preface to Chapter 4 
 Identifying dual role electrode materials capable of storing both lithium and 
sodium are thought to be highly relevant, as these materials could find potential 
applications simultaneously in lithium and sodium ion batteries. In this regard, the 
concept of dual alkali storage is demonstrated in Fe3O4 anode material undergoing 
conversion reaction. To enable improved storage, a rational active material and 
electrode design is proposed. Accordingly, the following features were 
simultaneously incorporated into the design: (i) an optimal particle size, (ii) a 
conducting matrix, (iii) adequately large active material surface area and (iv) strong 
electrode material-current collector integrity. Electrodes incorporating this rational 
design exhibit excellent high rate performance and impressive cyclability during 
lithium storage. For instance, Fe3O4 electrodes deliver a charge capacity of 950 mAh 
g
-1
 at 1.2 C (~ 2.6 times higher than graphite and 5.4 times higher than Li4Ti5O12). 
Further, these electrodes show no signs of capacity fade even up to 1100 cycles. 
Impressively, the cells could also be charged/discharged to 65% of their theoretical 
capacity in just 5 min or 12 C (11.11 A g
-1
). The rate performance and cyclability of 
lithium storage achieved here are amongst the highest reported values in literature for 
the conversion reaction in Fe3O4. Besides lithium storage, the dual role of this anode 









Rechargeable lithium ion batteries (LIBs) that have long been used in portable 
electronics are now being considered for energy demanding applications like electric 
vehicles.
7, 394, 395
 On the other hand, inexpensive sodium ion batteries (NIBs) are seen 
to be promising options for large scale energy storage systems (electric grids).
9, 10, 396
 
To support these critical applications, technological advancements in both LIBs and 
NIBs are necessary. One promising step in this direction is to develop electrode 
materials capable of playing a dual storage role i.e. storing both lithium and sodium. 





ions are inserted/extracted into/from the host structure, accompanied by 
the addition/removal of electrons. However, insertion hosts pose limitations on the 
achievable storage capacities. 
 In contrast, alkali (Li or Na) storage by conversion reaction results in 
significantly high storage capacities.
172, 173, 353, 358, 397-400
 For instance, Li storage by 
conversion reaction in transition metal oxides (TMOs) yields 2-3 times higher storage 
capacities than commercial insertion hosts like graphite and Li4Ti5O12. The same is 




 that store Na by conversion reaction. 
During Li or Na uptake, TMOs are reduced into nanocomposites of metal/Li2O or 
metal/Na2O respectively. This process is accompanied by considerable volume 
expansion and crystal structure destruction. Volume changes induced during the 
conversion reaction generate mechanical stresses that cause electrode fracture. 
Subsequently, the active material-current collector integrity is lost, paving way for 
additional penalties namely, poor cycle life and sluggish rate performance. Further, 
large voltage hysteresis
232, 401




energy efficiency of conversion type electrodes. In short, the competitive edge of 
conversion electrodes (inherent high storage capacity) over insertion hosts is lost on 
account of the above mentioned shortcomings. 
 To address these limitations, researchers have demonstrated various strategies 
(since sodium storage by conversion reaction is still nascent, we quote trends only 
from studies on lithium storage): particle size reduction,
209, 363, 402, 403
 coating the 







 and choosing appropriate binders.
281
 However, only 
in a few cases, high reversible capacities were retained at high current rates.
232, 254, 404
 
Similarly, very seldom, prolonged cycling with high capacity retention has been 
achieved.
355, 410-412
 All these facts shed light on the open challenges that lie ahead 
before conversion electrodes find practical applications. 
 Keeping these challenges in mind, we demonstrate a rational active material 
and electrode design to enhance dual alkali (Li and Na) storage in TMOs undergoing 
conversion reaction, taking Fe3O4 as a case study. The choice of Fe3O4 here as an 
anode material 
405, 413-420
 is attributed to the following logical reasons: (i) high 
theoretical capacity - 926 mAh g
-1 
(8 moles of Li or Na per formula unit), (ii) low cost 
and (iii) environmental benignity. 
 Briefly, our design philosophy (Figure 4.1) aims at imparting the following 




 and provide 
effective strain accommodation during volume expansion/contraction, (ii) a 
conducting matrix housing the active material to ensure improved electronic 
conductivity, (iii) adequate surface area to enhance electrolyte wettability and (iv) 




durable cycle life. Such design process discussed in finer details below, results in 
durable, high performance electrodes. 
 
 
Figure 4.1 Schematic illustration of the rational active material and electrode design deployed 
for Fe3O4 anode material 
 For instance, upon lithium storage, Fe3O4 electrodes deliver a charge capacity 
of 950 mAh g
-1
 at 1.2 C (1.11 A g
-1
). Even up to 1100 charge/discharge cycles, the 
electrodes showed no signatures of capacity fade, marking its durability. At very high 
current densities of 11.11 A g
-1
 (12 C), these electrodes still delivered a lithium 
storage capacity of 610 mAh g
-1
, a capacity significantly higher than the theoretical 
limit of graphite. Furthermore, combining this tailored Fe3O4 anode with olivine 
LiMn0.8Fe0.2PO4 cathode resulted in a 2.0 V lithium ion battery. Finally, the dual role 
of Fe3O4 anode is demonstrated by evaluating its sodium storage properties by 
conversion reaction. Upon sodium uptake at 0.06 C, Fe3O4 electrodes delivered 
discharge and charge capacities of 643 and 366 mAh g
-1 
in the first cycle with 65% 
charge capacity after 10 cycles. 




Heat treated PVDF – Improved 
active material current-collector 
adhesion
4-10 nm Active material particles
Short Li+ diffusion 
length
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the active material -








4.3 Results and Discussion 
4.3.1 Tailoring the active material 
 To realize the concepts discussed in our design, we adopt a solvothermal 
reaction.
44
 Figure 4.2 depicts the schematic of this process which affords the 
incorporation of all three design features (small particle size, carbon matrix and high 
surface area) simultaneously into the active material. Briefly, the preparation involves 
two steps, namely, a solvothermal reaction followed by carbonization.  
 
Figure 4.2 Schematic depiction of the active material preparation process. 
Based on our previous experience with carbon coatings,
44, 45
 we chose gluconic acid 
lactone (GAL) as an in-situ carbonizing agent. GAL tends to chelate strongly with 
iron
422
 during the solvothermal reaction which facilitates its adsorption on the 
nanoparticle surfaces. Ultimately, an architecture comprising Fe3O4 particles elegantly 
embedded in a carbon matrix is generated (refer Figure 4.1). The active material thus 
obtained by this process is designated as Fe3O4-a. To illustrate the effectiveness of our 
material design conclusively, we prepare a different batch (Fe3O4-b), whose properties 
are in total contrast (relatively bigger particle size and smaller surface area without 
carbon matrix) to that of Fe3O4-a. This sample is obtained under similar synthesis 










Figure 4.3 XRD patterns of Fe3O4-a and Fe3O4-b samples. 
 XRD pattern of the final products (Fe3O4-a and Fe3O4-b) are shown in Figure 
4.3. All Bragg peaks in the diffraction pattern are indexable to the pure phase of 
magnetite (ICDD card No. 19-0629). Additional information on the diffractograms of 
intermediate products (before annealing), are provided in Figure 4.4. Intermediate 
product of Fe3O4-a appear to be relatively amorphous compared to those of Fe3O4-b. 
The peaks of Fe3O4-b indexed here match with the standard pattern of Fe3O4 (ICDD 
card No. 19-0629). Morphological investigations were then performed using FESEM 
(Figure 4.5) and TEM (Figure 4.6). As could be seen, the particles in either sample 
appear homogenous. However, no further information could be derived from these 
FESEM images. Low magnified TEM images of the final products suggest that both 
samples have particles which are characterized by a pseudo-spherical morphology 
(Figure 4.6a and c). 


















































































































































































Figure 4.4 XRD patterns of the intermediate product obtained after solvothermal reaction at 
200 ˚C, before carbonization. 
  
Figure 4.5 (a) & (b) FESEM images of the final product of Fe3O4-a recorded at different 
regions. (c) & (d) FESEM images of the final product of Fe3O4-b recorded at different 
regions. 




















































Figure 4.6 (a) & (b) Low and high magnified TEM images of Fe3O4-a (c) & (d) 
Corresponding TEM images of Fe3O4-b. 
 However, a closer look at the TEM images (Figure 4.6b and 4.6d) reveals 
two striking differences. Firstly, particles of Fe3O4-a are in the size range 4-10 nm 
(first design aspect) (Figure 4.6b) while the particles of Fe3O4-b are at least 30-60 nm 
(Figure 4.6d).  
 




















 Secondly, the particles of Fe3O4-a are elegantly embedded in a carbon matrix 
(second design aspect) (Figure 4.6b and Figure 4.7a) while no such carbon wrapping 
is seen around the particles of Fe3O4-b (Figure 4.6c and Figure 4.7b). To further 
confirm the presence of the carbon, Raman spectral analysis (Figure 4.8) was 
performed on both samples. The Raman spectrum of Fe3O4-a shows two bands at 
1369 (D-band) and 1586 cm
-1





) carbons respectively, while no such bands are evident in Fe3O4-b 
 
Figure 4.8 Raman spectra recorded on Fe3O4-a and Fe3O4-b samples 
 In order to characterize our third design aspect (surface area), we performed 
nitrogen sorption analysis. The Brunauer Emmett Teller (BET) surface area of Fe3O4-




 (Figure 4.9). The pore size distribution chart (see inset) 
shows the existence of pores with peak distributions around 3.6 and 7.4 nm. On the 





which is nearly half of Fe3O4-a. The higher surface area of Fe3O4-a is not surprising, 
as the particles are relatively smaller in size and are housed in a carbon network, both 
of which are absent in Fe3O4-b. Observations made so far convey a key message: 
















































































































































































active material properties namely particle size, electronic conductivity and surface 
area can simply be tailored by the presence of an appropriate carbonizing agent. It is 
indeed the presence of this carbon matrix that provides favorable configuration to the 
active material, since without its occurrence the particles of Fe3O4 grow during the 
calcination process (Fe3O4-b). 
 
Figure 4.9 Nitrogen adsorption and desorption isotherm of Fe3O4-a. Inset shows the pore size 
distribution 
 
Figure 4.10 Nitrogen adsorption and desorption isotherm of Fe3O4-b. Inset shows the pore 
size distribution 












































































































4.3.2 Tailoring the electrode: Improving active material current collector 
integrity 
 Finally, we incorporate the fourth design aspect in Fe3O4-a electrodes that 
bestows enhanced integrity between the electrode material and current collector. For 
this purpose, we adopt a unique electrode heat treatment protocol in which the 





Figure 4.11 Schematic of the experimental set-up used for performing qualitative adhesion 
tests 
Such a process imparts significant enhancement to the adhesion between the electrode 
material and current collector. To demonstrate this improvement in our electrode 
systems, we performed two sets of qualitative adhesion tests. The schematic of the 
first qualitative test is shown in Figure 4.11, in which both high temperature heated 
(250 ˚C) and conventionally dried (80 ˚C) electrodes were irradiated by ultrasonic 
waves (see video http://youtu.be/ZzIpQH-hep0). Even upon limited irradiation (15-20 
seconds), the electrode coating of the conventionally dried electrodes readily peel off 




heated electrodes where no signs of peeling were observed even after prolonged 
irradiation (180 seconds) (Figure. 4.12a). Such observation marks the improvement 
in the electrode material-current collector integrity after the high temperature heat 
treatment. A second set of adhesion test performed on these electrodes unequivocally 
confirm the enhanced adhesion bestowed by high temperature heat treatment 
irrespective of the soaking medium (see video http://youtu.be/Qv-QYzjpgWc). 
 
 
Figure 4.12 Photographs taken at the end of adhesion test on the high temperature heated 
(250 ˚C) Fe3O4-a and conventionally dried (80 ˚C) Fe3O4-a electrodes 
 Traditionally, it has been a practice to dry the electrodes at temperatures ~ 80-
130 ˚C prior to cell assembly (Fe3O4-b). Obviously, this temperature is sufficient 
enough to remove the organic solvent (NMP) present in the electrode slurry. 
However, such a process does not warrant enough electrode material-current collector 
integrity required for conversion reactions. This is because; huge volume changes 
induced during conversion reaction easily disrupt the electrical connectivity between 
the electrode material and current collector, potentially leading to poor cycle life. 
Hence, apart from careful material design, attention is also paid here to maintain the 






4.3.3 Lithium storage performance 
 The rational active material and electrode design proposed here is expected to 
endow enhanced electrochemical performance. In order to verify this supposition, we 
evaluated its lithium storage performance in half cells. The results of lithium storage 
in Fe3O4 are first discussed followed by sodium storage. The mechanism of Li storage 
by conversion reaction in Fe3O4 is represented in Equation 4.1.  
        
                       (4.1) 
 
 
Figure 4.13 (a) First cycle voltage profiles of Fe3O4-a & Fe3O4-b samples galvanostatically 
cycled at 0.12 C and 0.1 C respectively in the voltage window 0.04-3.0 V vs. Li/Li
+
. (b) 
Voltage profiles of Fe3O4-a at various current rates. (c) Voltage profiles of Fe3O4-b at various 
current rates. (d) Comparison of rate performance 
 Theoretically, upto 8 mol of Li (926 mAh g
-1
) could be stored in Fe3O4. 
Figure 4.13a represents the typical voltage profiles of Fe3O4-a and Fe3O4-b at a 
current rate of 0.12 and 0.1 C respectively in the voltage window 0.04-3.0 V. The 
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discharge profile of these electrodes are characterized by a flat plateau at ~ 0.81-0.85 
V (II in Figure 4.13a), corresponding to the well-known Li uptake by conversion 
reaction.
232
 Small plateaus observed above the conversion regime are attributed to the 
intercalation of Li into the crystal structure of Fe3O4
404
 (I in Figure 4.13a) while the 
sloping tail below the conversion regime is attributed to the formation of gel-like 
film
177
 and/or interfacial lithium storage (III in Figure 4.13a).
179, 228, 423
 The first cycle 
discharge and charge capacities of both these samples are nearly the same at low 
current rates. For instance, in the first cycle, Fe3O4-a delivers discharge (Li uptake) 
and charge (Li release) capacities of 1279 and 965 mAh g
-1
 while Fe3O4-b delivers 
1204 and 932 mAh g
-1
. 
4.3.4 High rate performance 
 However, the situation changes dramatically when the half cells are cycled at 
higher current rates. For example, Fe3O4-a delivers a charge capacity of 834 mAh g
-1
 
at a current rate of 3.6 C (Figure 4.13b). This is in sharp contrast to Fe3O4-b which 
delivers only 236 mAh g
-1
 under similar test conditions (Figure 4.13c & d). Notably, 
even at a very high current rate of 12 C (11.11 A g
-1
), the electrodes of Fe3O4-a still 
deliver 610 mAh g
-1
 which is significantly higher than the capacity of prominent 
insertions hosts (graphite and Li4Ti5O12). It is noteworthy that unlike many other 
conversion electrode materials, the plateaus for charge/discharge profiles are clearly 





 No doubt, the rational active material and electrode design incorporated here 
has played an efficacious role in achieving excellent high rate performance. Firstly, 
securing all the active material particles of Fe3O4-a within the carbon matrix provides 
a conductive electronic wiring, enabling facile electron transport during rapid 




active material is only physically mixed with external carbon additive (Super-P 
carbon black), not necessarily warranting their amalgamation. Hence, the electron 
transport is relatively crippled resulting in sluggish rate performance (Figure 4.13c & 
d). Secondly, the carbon matrix appears to act as an envelope, holding the active 
material particles connected together within the main body of the electrode even after 
fast charge/discharge cycling at 12 C (Figure 4.14). Not to forget the contribution 
from small particle size and high surface area of Fe3O4-a, which also complement the 
above witnessed high rate performance. 
 
Figure 4.14 (a) & (b) TEM images recorded at different magnifications on Fe3O4-a after 
cycling at 12 C. 
4.3.5 Long term cyclability 
 Demonstrating outstanding high rate performance alone would not suffice, as 
it is imperative for the test electrodes to also possess durable cycle life. The primary 
hindrance in achieving this in conversion systems arises from the loss of contact 
between the electrode body and current collector. This is because, during the course 
of Li uptake, the particles of Fe3O4 expand drastically (> 90%)
419
 compared to 
graphite (< 10%). Eventually, the expansion causes the particles to collide with each 










could stretch the strands of the polymeric binder beyond its elastic limit, finally 
resulting in breakage when the force exceeds the adhesion strength between the 
strands and the particles.
425
 Ultimately, the capacity contribution from these 
disconnected particles would be lost, resulting in poor cycle life. 
 
Figure 4.15 (a) Percentage of capacity retention as a function of cycle number of Fe3O4-a 
electrodes cycled at 1.2 C. Inset shows similar plot for Fe3O4-b electrodes. (b) Voltage profile 
of Fe3O4-a vs. LiMn0.8Fe0.2PO4 full cell cycled at 0.12 C in the voltage window 0.50-3.75 V 
Capacity calculated for full cells are based on the cathode weight. Inset shows the exploded 
view of the full cell. 
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 In light of the above discussion, the enhanced adhesion between the electrode 
body and current collector imparted by high temperature electrode heat treatment is 
expected to abet long term cycling. To verify this prevision, the cells of Fe3O4-a were 
cycled at a current rate of 1.2C for upto 1100 charge/discharge cycles. Figure 4.15a 
shows the plot of charge capacity retention (Li removal) as a function of cycle 
number. As could be seen, the electrodes of Fe3O4-a show no signs of capacity 
degradation throughout the course of cycling. Infact, the capacity retention increases 
during cycling and such a trend witnessed here has also been previously observed in 
metal oxides such as α-Fe2O3, Co3O4 and Fe3O4 undergoing conversion reaction.
200, 
281, 355
 This increase in capacity with cycling is believed to be attributable to the 
growth of gel type organic film on the surface of metallic particles.
386
 The variation in 
coulombic efficiency during long term cycling is shown in Appendix G. Further, 
even without the aid of any external carbon additive, the electrodes of Fe3O4-a show 
excellent capacity retention upto 800 charge/discharge cycles (Figure 4.15a).  
 It is not surprising to note the poor cycle life of conventionally dried Fe3O4-b 
electrodes that retain only 30% of its initial charge capacity after 50 cycles (inset of 
Figure 4.15a). This is partly because, the adhesion strength between the electrode 
body and current collector of Fe3O4-b is relatively weak compared to Fe3O4-a. 
Besides, the active material (Fe3O4-b) is not endowed with other favorable aspects 
incorporated in the design of Fe3O4-a. The capacity retention and rate performance of 
our electrodes are compared with some of the best reports on Fe3O4 in literature 
(Table 4.1). While majority of reports on conversion reaction in Fe3O4 show limited 
cycling, this is the first time where cyclability in excess of 1000 cycles with excellent 





Table 4.1 Comparison of the electrochemical performance of Fe3O4 obtained in this work with some of the compelling reports in literature. 
Nanocomposite 
 
Capacity retention after n
th
 cycle 
with respect to first cycle at a 
specific current density 
(%) 










Fe3O4 incorporating smart 
material and electrode design 





26% carbon in the 














14% CNT 482 mAh g
-1 










12% in-situ + 15% ex-situ 
418 mAh g
-1 





Fe3O4 in carbon framework No noticeable fade upto400 cycles 
at1.848 A g
-1
 (Total carbon in the 
electrode 30%) 
30% carbon 500 mAh g
-1 





Fe-Fe3O4 composite  
- 












Nano architectured Fe3O4 
array electrode 
No noticeable fade after 220 cycles at 
a charge rate of 2.67 A g
-1
 
- 231 mAh g
-1





Single walled carbon nanotube 
-Fe3O4 
92.94% after 60 cycles at 4.36 A g
-1 
 
5% SWCNT 550 mAh g
-1 





Fe3O4 nanoparticle integrated 
graphene 
44% after 80 cycles at 1.85 A g
-1











800 cycles at different current 
densities.  









Graphene wrapped Fe3O4 91% after 100 cycles at 0.7 A g
-1









Carbon coated Fe3O4 
nanowires 
No noticeable fade upto 50 cycles at 
0.1C rate 
25% carbon 




at 5C Ref 
414
 
Carbon coated Fe3O4 
nanospindles 
88.3% after 80 cycles at 0.462 A g
-1
 36.5% carbon 












4.3.6 Feasibility in full cells 
 Besides favorable operation in half cells, electrode materials must also show 
feasibility in full cells. In order to check this feasibility, full cells were constructed 
using Fe3O4-a anode and home-made olivine LiMn0.8Fe0.2PO4 (LMFP) cathode 
(Figure 4.15b). As the theoretical capacity of the anode is nearly 5.5 times greater 
than the cathode (170 mAh g
-1
), the active material weight of the electrodes were 
carefully balanced prior to assembly. The characteristic voltage profile of this full cell 
at a current rate of 0.12 C in the voltage window 0.50-3.75 V is presented in 
Figure.4.15b. During charge, Li is extracted from LMFP cathode and inserted into 
Fe3O4-a anode where the conversion reaction occurs. The entire process is reversed 
during discharge of the full cell. The average voltage of this full cell is close to 2.0 V 
and the observed capacity is 130 mAh g
-1
 (based on the cathode loading). It should be 
noted that the full cell capacity of LiMn0.8Fe0.2PO4/α-Fe2O3 is lower than 
LiMn0.8Fe0.2PO4 /Fe3O4, as the cathode material loading in the former was much 
higher (~10 mg cm
-2
) than in latter. 
 The primary advantage of using conversion anodes like α-Fe2O3 and Fe3O4 
over graphite anode lies in the gain in energy density. Energy density could be 
expressed as the product of capacity and voltage. Theoretically, the energy density of 
LiMn0.8Fe0.2PO4/ graphite full cell would be 1488 mW g
-1
 (372 * 4) not taking into 
account the weight of battery components. On the other hand, the energy density of 
LiMn0.8Fe0.2PO4/ Fe2O3 or LiMn0.8Fe0.2PO4/ Fe3O4 would be much higher, 2311 mW 
g
-1
(1005*2.3) and 1856 mW g
-1
 (928 * 2) respectively. The other advantage of using 
iron oxides over graphite lies in eliminating threats that could arise from lithium 
plating during charging at high current rates. As Li intercalates in metal oxides at a 




be avoided. α-Fe2O3 and Fe3O4 anodes could also compete with graphite in terms of 
cyclic performance, provided the active material-current collector integrity is 
maintained. This can be easily achieved by the high temperature electrode heat 
treatment demonstrated in the thesis. It should be mentioned that, although our design 
effectively addresses two of the three major shortcomings (poor cycle life and 
sluggish rate performance) that jeopardize conversion reactions, we note that further 
provisions are required if polarization issues (voltage hysteresis) are to be overcome. 
4.3.7 Sodium storage performance  
 Finally, we demonstrate the dual role of this anode material by evaluating its 
sodium storage properties via conversion reaction (Figure 4.16a). While most studies 
on anodes dwell on sodium storage by insertion reaction (carbons),
314, 316, 431
 there are 
no reports on sodium storage by conversion reaction in Fe3O4. We do note that 
Komaba et al
299
 have studied sodium storage by insertion reaction in this material, 
where the lower cut off voltage was rather high ~ 1.5 V. However, our work aims to 
identify the possibility of sodium storage by conversion reaction at deep discharge 
voltages 0.04 V. Accordingly, lithium metal and electrolyte LiPF6 in EC:DEC were 
replaced by sodium metal and NaClO4 in EC:PC (Figure 4.16a). For studies on 
sodium storage, we restrict our discussions to the better performing Fe3O4-a 
electrodes. Figure 4.16b represents the typical voltage profile of Fe3O4-a vs. Na/Na
+
 
at a current rate of 0.06 C in the voltage window 0.04-3.0 V. In the first cycle, the 
sodium half cell delivers a discharge capacity of 643 mAh g
-1
. This value is lower 
than the theoretical limit of Fe3O4 (926 mAh g
-1
), assuming complete reduction to 
transition metal (Fe) and formation of 4Na2O according to Equation 4.2: 
        





Figure 4.16 (a) Depiction of the dual role of Fe3O4. (b) Voltage profiles of Fe3O4-a samples 
galvanostatically cycled at 0.06 C in the voltage window 0.04-3.0 V vs. Na/Na
+
. Inset shows 
the variation of charge capacity as a function of cycle number 
The lower capacity utilization of Fe3O4 anode in sodium batteries compared to lithium 
batteries could be primarily attributed to the sluggish kinetics of sodium 
uptake/extraction as the ionic radii of Na
+





 During the reverse conversion reaction, the cells deliver a charge capacity of 366 
mAh g
-1
, resulting in a first cycle coulombic efficiency of 57 %. We note that, this 
first cycle coulombic efficiency is higher than some of the previously reported anode 
materials for sodium batteries.
323, 431, 432
 One possible reason for the higher coulombic 
efficiency seen in Fe3O4 could be attributed to the high temperature electrode drying 




additive. At the end of 10 cycles, the electrodes retain 65% of the initial charge 
capacity (inset of Figure 4.16b). 
 To identify the end products of sodium storage by conversion reaction in 
Fe3O4, ex-situ SAED patterns were recorded on the electrodes after the first discharge 
to 0.04 V and subsequent charge to 3.0 V. SAED patterns of the discharged electrodes 
show diffraction spots which are characteristic of two phases namely, Na2O and 
metallic Fe (Figure 4.17b). Na2O could be formed during Fe3O4 reduction during 
conversion reaction and/or electrolyte decomposition. On the other hand, electrodes 
charged to 3.0 V show clear diffraction rings characteristic of Fe3O4 (Figure 4.17d). 
We also see diffraction rings of Na2O and Fe in the charged electrode suggesting an 
incomplete oxidation during Na removal.  
 
Figure 4.17 TEM image and SAED patterns of Fe3O4-a electrode after (a & b) first discharge 
to 0.04 V vs. Na/Na
+
. (c & d) first charge to 3.0 V 

























The presence of Na2O and Fe even after charging is consistent with the irreversible 
capacity loss observed in galvanostatic cycling (Figure 4.16b). We also note other 
factors such as electrolyte decomposition at the active material surface that might 
further contribute to the irreversibilities observed in the first cycle. In brief, this study 
demonstrates the viability of storing sodium by conversion reaction in Fe3O4. Further 
investigations on the Na storage mechanism and optimization of the electrolyte 
composition are underway. 
4.4 Conclusions 
 In summary, we have demonstrated a rationally designed dual role anode 
material capable of storing both alkalis namely, Li and Na by conversion reaction, 
taking Fe3O4 as a case study. Incorporation of these design considerations resulted in 
outstanding rate performance and cyclability in lithium batteries. Even during rapid 
charge/discharge (5 min, 11.11 A g
-1
), the electrodes delivered a capacity of 610 mAh 
g
-1 
with well-defined plateaus in the voltage profile. Most importantly, no signs of 
capacity fade could be seen even up to 1100 charge/discharge cycles at 1.2 C. To the 
best of our knowledge, the rate performance and cyclability achieved here are 
amongst the highest reported values in literature for the conversion reaction in Fe3O4. 
Further, the operation of this anode material in a full cell containing olivine cathode 
was also demonstrated. Finally, the dual role of this material was shown by swapping 
Na with Li. Sodium uptake by conversion reaction in Fe3O4 resulted in the formation 
of Na2O and metallic Fe. We believe that this contribution would provide a generic 
platform for materials design that can be extended to other members of the transition 






Chapter 5-Part 1 
5. Reversible sodium and lithium storage by 











5.1 Preface to Chapter 5 - Part 1 
 Major challenges that lie ahead of rechargeable batteries are twofold. Firstly, 
they must support large scale electric grids, for which low cost sodium ion batteries 
(NIBs) are deemed attractive. At the same time, they must power electric vehicles, for 
which lithium ion batteries (LIBs) are considered ideal. In this regard, developing 
anode materials capable of storing both alkalis (Na and Li) would be highly befitting, 
as such materials could find applications in NIBs and LIBs. Keeping this in mind, we 
disclose here for the first time, the possibility of sodium storage by conversion 
reaction in α-MoO3. MoO3 anodes exhibit high reversible sodium extraction capacity 
of 245 mAh g
-1 
with favorable rate performance even at a high current density of 
1.117 A g
-1
. Further, they show long cyclability (57% retention) and high coulombic 
efficiency (99%) upon cycling over 500 cycles. Furthermore, they also show 
operation in full cells containing Na3V2(PO4)3 and Na3V2(PO4)2F3 cathodes. Apart 
from excellent sodium storage, MoO3 anodes also show impressive lithium storage 
capacities, long term cyclability and outstanding rate performance. Accordingly, 
MoO3 anodes retain 87% of its initial lithium extraction capacity at 1.117 A g
-1
 even 
after 100 cycles. Even at a very high current density of 5.585 A g
-1
, a high lithium 
extraction capacity of 597 mAh g
-1
 could be achieved. The results shown here are 
believed to spur further interests on exploring new anode materials that proficiently 









 As mentioned in the previous chapter, development of electrode materials 
capable of storing both alkalis, lithium and sodium are highly relevant as these 
materials could benefit sodium and lithium ion batteries simultaneously. While Na 











 etc. are rapidly gaining attention, 


























 and x Fe2O3-(1-x) NiO
335
 where x=0.38-0.49 have been 
reported to store Na by conversion and/or combination of conversion and alloying 
mechanism. All these statistics convey a key message on the ironical trend that exists 
in literature, i.e. many anode materials, despite being well appreciated for their 
excellent lithium storage properties still remain unexplored for Na storage.  
 






Inspired by the findings from the previous chapter on dual alkali storage in Fe3O4, we 
disclose here another dual role anode material MoO3 for use in sodium-ion and 
lithium-ion batteries. The dual alkali storage of this material is depicted schematically 
in Figure 5.1. This is the first time where sodium storage in this material is 
demonstrated at deep discharge conditions (0.04 V) by undergoing conversion 
reaction at room temperature. Sodium batteries deploying MoO3 electrodes deliver 
high reversible Na storage capacities of ~ 245 mAh g
-1
 (stable capacity) at a current 
density of 0.1117 A g
-1
. Further, these anode materials show encouraging cycle life 
(500 cycles, 57% of capacity retention) and rate performance upto 1C (1.117 A g
-1
). 
Furthermore, these electrode materials also show operation in full cell when combined 
with Na containing cathode materials such as Na3V2(PO4)3 and Na3V2(PO4)2F3. 
 In the earlier years, MoO3 was extensively studied as a cathode material for 
lithium batteries in which lithium storage by insertion reaction was investigated.
437
 
However, reversible cycling with high capacities were not demonstrated. Later, 
lithium storage in MoO3 by conversion reaction was investigated in which high first 
cycle capacities were achieved. 
209, 213-215, 218, 438
 However, sustaining stable capacities 
over long periods of cycling along with appreciable high rate performance has been a 
challenge in MoO3 until now. For instance, MoO3/C composites reported by Xia et 
al.
438
 retained only 54% of its capacity after 100 cycles. Ultra long MoO3 nanobelts 
retained only 30% of its initial discharge capacity after 200 cycles.
439
 In a recent study 
on MoO3-x nanowires, cyclability of only 40 cycles was shown. Similarly, the high 
rate of MoO3 has also been discouraging.
213, 218
 Thus, the most important challenge to 
be addressed in MoO3 is to sustain large capacities over prolonged cycling with 
excellent high rate performance. In this work, we show outstanding lithium storage 




electrodes retain 87% of its initial charge capacity, delivering 904 mAh g
-1 
at a high 
current density of 1.117 A g
-1
. Most importantly, these electrodes demonstrate 
excellent high rate performance. At a very high current density of 5.585 A g
-1
, they 
still deliver a reversible capacity of 597 mAh g
-1
, which is amongst the highest 
reported values for lithium storage in MoO3. Additionally, the feasibility of MoO3 
anodes in combination with spinel LiMn2O4 and olivine LiFePO4 cathodes is also 
demonstrated for the first time. 
5.3 Results and Discussion 
5.3.1 Phase purity and morphology 
 In order to develop an electrode material for battery application, the 
preparation process should be simple to facilitate easy scale up. In this regard, a 
simple, novel, one-pot approach was developed. Devoid of any complicated 
preparation steps, the entire process just involved the dissolution of a cationic 
surfactant (cetyl trimethyl ammonium bromide) and a suitable molybdenum precursor 
(phosphomolybdic acid) in common solvents followed by calcination (Refer Chapter 
2, section 2.3.1.1 for further details).  
 The phase purity of the calcined product was ascertained from the Rietveld 
refined XRD pattern shown in Figure 5.2. The reliability factors for the fit are 
Rp=6.16%, Rwp=8.38% and Rexp=6.31%. All peaks in the diffraction pattern match 
well with the standard pattern of orthorhombic α-MoO3, JCPDS File no. 05-0508, 
space group Pbnm. Further, the calculated lattice parameter values and unit cell 
volume (a = 3.958 Å, b = 13.940 Å, c = 3.708 Å and 204.587 Å
3
) stand in close 
agreement with standard values (JCPDS File no: 05-0508), confirming the formation 





Figure 5.2 Rietveld refined XRD pattern of the prepared material. Inset depicts the schematic 
of α-MoO3 crystal structure. 
The crystal structure of MoO3 depicted schematically in the inset of Figure 5.2 shows 
layers which in turn comprise two sub-layers formed by corner-sharing [MoO6] 
octahedra along [100] and [001] and edge sharing along [001]. These layers stack 
alternately along [010] in which the van der Waals forces act as the primary binding 
force between these octahedral layers.
440
 
 The morphology of the calcined product as inferred from the field emission 
scanning electron microscope (FESEM) is shown in Figure 5.3a and 5.3b. As could 
be seen, most of the MoO3 particles possess rectangular block-type morphology with 
micrometer dimensions. High resolution transmission electron microscope image 
(HRTEM) recorded on one such MoO3 block (Figure 5.3c) shows lattice fringes with 









PMA – Phosphomolybdic acid






































Figure 5.3 (a) and (b) FESEM images taken at different magnifications showing block type 
morphology. (c) HRTEM image recorded on one such MoO3 block showing lattice fringes 
corresponding to 001 plane. (d) SAED pattern recorded on an individual MoO3 block showing 
it is single crystaline. 
Further, the selected area diffraction pattern (SAED) recorded on MoO3 blocks shows 
that they are single crystalline in nature (Figure 5.3d). It is worth noting that, though 
the preparation process demonstrated here is extremely simple, it is still versatile, as 
particles exhibiting various morphologies could simply be obtained by either varying 
the calcination temperature or the starting precursor. Further information on the 
temperature-morphology dependence and precursor-morphology dependence are 
provided in Appendix C and D respectively. 
5.3.2 Electrochemical performance- sodium storage in MoO3 
 Figure 5.4 represents the cyclic voltammogram (CV) of MoO3 vs. Na/Na
+
 
recorded at a scan rate of 0.058 mV s
-1 
in the voltage window 0.04-3.0 V. During the 
first reduction process, four cathodic current peaks could be seen at 2.19, 1.63, 1.34 
and 0.22 V. This is succeeded by the oxidation process in which anodic peaks are 












the peaks stationed at 0.22 V (cathodic) and at 0.71 V (anodic) are seen, while the 
other peaks previously witnessed in the first are absent.  
 
Figure 5.4 Cyclic voltammogram of MoO3 vs. Na/Na
+
 in the voltage window 0.04-3.0 V 




Figure 5.5 First and second cycle galvanostatic curves of MoO3 vs. Na/Na
+
 at a current rate 
of 0.1C (111.7 mA g
-1
) in the voltage window 0.04-3.0 V. 
 The sodium storage activity in MoO3 was also observed from the galvanostatic 
cycling experiments. Figure 5.5 shows the galvanostatic discharge-charge curves (1
st
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 cycles) of MoO3 vs. Na/Na
+
 recorded at a current rate of 0.1C (111.7 mA g
-1
) 
in the voltage window 0.04-3.0 V. During sodium uptake (discharging), the voltage 
drops steeply from the open circuit value (2.60 V) to reach a small plateau around 2.3-
2.2 V (marked as i in Figure 5.5). This plateau corresponds to the insertion of sodium 
into the crystal structure of MoO3, resulting in the formation of sodium bronze 
(NaxMoO3).
441
 We do note that sodium insertion in MoO3 has been studied previously 
by Spahr et al.
441
 in 1995, however, their study focused only on the insertion reaction 
where the lower cutoff voltage was limited to 1.0 V. However, our work aims to 
explore the possibility of sodium storage by conversion reaction in deep discharge 
voltages (0.04 V). After the first insertion plateau, the voltage is seen to drop 
smoothly in the region 2.0-1.75 V followed by a small sloping plateau around 1.8-1.2 
V. (marked as ii in Figure 5.5), corresponding to additional insertion of Na in MoO3 
(Nax+x'MoO3).
441
 This is then followed by a long sloping tail (iii in Figure 5.5) until 
the termination of discharge (0.04 V), during which Na storage by conversion reaction 
is expected to occur. Overall, the sodium storage capacity of MoO3 in first discharge 
cycle is ~ 771 mAh g
-1
, which is lower than its theoretical value (1117 mAh g
-1
), 
assuming complete reduction of MoO3 to metallic Mo and 3Na2O (Equation 5.1). 
       
                       (5.1) 
 During sodium extraction (charging), the voltage profile shows a smooth 
curve upto 0.70 V (iv in Figure 5.5) followed by a fairly steep charge profile between 
0.7-1.7 V (v in Figure 5.5). Finally, before the termination of charge at 3.0 V, a small 
sloping plateau between 2.0-2.8 V (vi in Figure 5.5) is observed. The capacity at the 
end of charge cycle is 410 mAh g
-1
, corresponding to a first cycle coulombic 
efficiency of 53% (ratio of charge to discharge capacity). The first cycle coulombic 




chapter. Such differences in the coulombic efficiency primarily arise from the 
difference in the active material morphology. Irreversible capacity loss witnessed in 
the first cycle could arise from various factors such as (i) irreversible trapping of 
sodium in host material; (ii) electrolyte decomposition at the active 
material/electrolyte surface forming solid electrolyte interface layer and (iii) particle 
isolation (electrical disconnections between particles and current collector) arising 
from volume changes induced during conversion reaction. In the second cycle, the 
electrodes delivered discharge and charge capacities of 383 and 348 mAh g
-1
 
respectively, resulting in an improved coulombic efficiency of 90.8%. Figure 5.6 
represents the galvanostatic profiles of selected cycles in which stable discharge 
capacities ~ 245 mAh g
-1
 along with attractive charge discharge voltage profiles are 
seen. 
 
Figure 5.6 Galvanostatic curves at other selected cycles at a current rate of 0.1C in the 
voltage window 0.04-3.0 V 
Figure 5.7 represents the variation of sodium extraction (charge) capacity and 
coulombic efficiency as a function of cycle number at a current of 0.1C. At the end of 
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twenty cycles, 61% of the initial charge capacity was retained. Further, the coulombic 
efficiencies increased from 53% in the first cycle to 98.8% in the twentieth cycle. 
 
Figure 5.7 Variation of charge capacity and coulombic efficiency as a function of cycle 
number at 0.1C. 
 It is worth mentioning here that the sodium storage capacities (stable cycles) 
delivered by MoO3 is higher or comparable to many of the previously reported anode 
















 In order to explicitly study the sodium storage property of the active material, 
test electrodes were prepared without any conductive additive. The test electrodes 
contained MoO3 and binder in the weight ratio 90:10. Figure 5.8a represents the 
variation of charge capacity and coulombic efficiency as a function of cycle number. 
It is interesting to note that without the aid of any conductive additive, MoO3 
electrodes delivered discharge and charge capacities of 571 and 308 mAh g
-1
 in the 
first cycle. At the end of 50 cycles, the cells delivered 92 mAh g
-1
. The coulombic 
efficiency increased from 54% in the first cycle to 99.8% in the 50
th
 cycle. Voltage 
profile of the test electrodes for selected cycles is shown in Figure 5.8b. Although the 
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first charge capacity of MoO3 electrodes without carbon additive (308 mAh g
-1
) is 
slightly lower than that of the MoO3 electrodes with carbon additive (410 mAh g
-1
), 
the above data is a clear evidence for the sodium storage activity in MoO3.  
 
Figure 5.8 (a)Voltage profiles of MoO3 vs. Na/Na
+ 
 without any carbon additive. (b) Variation 






























































































































































5.3.3 Energy dispersive X-ray spectra and elemental mapping 
Figure 5.9 represents the ex-situ energy dispersive X-ray spectra (EDXS) recorded on 
the electrodes of MoO3 prepared without carbon additive discharged and charged to 
different voltages.  
 
Figure 5.9 (i-iii) Ex-situ energy dispersive X-ray spectra (EDXS) recorded on the electrodes 
during sodium uptake at different voltages. (iv-vi) EDXS recorded on the electrodes recorded 
during sodium extraction at different voltages. 
For ex-situ studies, the electrodes were washed thoroughly with copious amounts of 
solvents repeatedly to remove the electrolyte. The electrodes were then sealed inside 
an argon filled glove box and carefully transferred into the EDXS loading station. 
During this transfer process, the electrodes were exposed to ambient air for only a few 
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Na extraction at 0.55 V
Na extraction at 1.55 V







seconds. During discharge (sodium uptake), the relative intensity of Na with respect 
to molybdenum increased (Figure 5.9 i-iii). For instance, upon discharge to 2.1 V 
from open circuit conditions, the EDXS showed Na signals that arise from the 
insertion of Na into MoO3. These signals could also emanate from the traces of 
unwashed electrolyte in the electrodes. With further discharge from 2.1 V to 1.0 V 
(Figure 5.9(ii)), the relative intensity of Na increased gradually, suggesting additional 
uptake of Na in MoO3. 
 This increasing trend became even more pronounced at deep discharge 
conditions (0.35 V). It is noted that, the Na signals not only arise from Na storage in 
MoO3 but could also emanate from the products of electrolyte decomposition (SEI 
layers). Figure 5.9 iv-vi represents the EDXS of the electrodes charged (sodium 
removal) to selected voltages 0.55, 1.55 and 3.0 V. The intensity of sodium with 
respect to molybdenum was found to decrease gradually during the process of sodium 
extraction. After complete charge to 3.0 V, signals of Na could still be seen in the 
EDXS which is not surprising as the first cycle reversibility was only 54%. Elemental 
maps of the electrodes obtained under similar discharge and charge conditions are 
displayed in Figure 5.10. The results of EDXS and mapping shown here are only to 
depict the qualitative trends during sodium uptake and removal and further in-situ 







Figure 5.10 Ex-situ elemental maps of the electrodes after discharge and charge to different 
selected potentials. 
5.3.4 Identifying the end products of conversion reaction in MoO3 during Na 
storage 
 As is known from the previous studies of lithium storage by conversion 
reaction in transition metal oxides, the process of Li uptake results in the formation of 
metal and Li2O.
172
 The reverse reaction is also known to be accompanied by the 
formation of metal oxide. Although the end products of conversion reaction in lithium 
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are well documented in literature,
173, 353
 very few reports are available for the 
conversion reaction with sodium. For instance, Alcantara et al. found that NiCo2O4 
after sodium uptake by conversion mechanism, forms metallic Ni/Co and Na2O.
331
 
Similarly, Sun et al. identified that Sb2O4 during sodium uptake by conversion 




Figure 5.11 (a) SAED pattern recorded on the electrodes discharged to 0.04 V showing 
diffraction rings indexable to Na2O and Mo. (b) SAED patterns recorded on the electrodes 
charged to 3.0 V showing diffraction rings indexable to MoO3 and Na2O. (c) Ex-situ XRD 


























































To identify the end products of sodium uptake by conversion reaction in MoO3, ex-
situ TEM analysis was performed on the completely discharged and charged 
electrodes (Figure 5.11a and 5.11b). SAED patterns recorded on the electrodes 
discharged to 0.04 V show diffraction rings indexable to metallic Mo and Na2O 
(Figure 5.11a). On the other hand, SAED patterns recorded on the electrodes charged 
to 3.0 V show diffraction rings characteristic of MoO3. (Figure 5.11b). 
 Diffraction rings of Na2O and Mo are still seen after sodium removal in the 
charged electrodes and this partly explains the irreversibilities witnessed during the 
first galvanostatic cycle. Similarly, ex-situ XRD patterns recorded on the electrodes 
discharged to 0.04 V show weak diffraction peaks of metallic Mo and Na2O (Figure 
5.11c) consistent with the SAED pattern (Figure 5.11a). After charging, the XRD 
patterns show peaks corresponding to MoO3 and Mo (Figure 5.11c). It is also noticed 
that most of the peaks of the pristine MoO3 disappear after sodium uptake suggesting 
a possible loss of crystallanity. The end products of sodium storage by conversion 
reaction in MoO3 are Mo/Na2O while the end products of similar sodium uptake by 
conversion reaction in Fe3O4 are Fe/Na2O. This is accompanied by the presence of 
other side products like solid-electrolyte interface formation. 
5.3.5 Morphological changes induced during sodium storage 
 It was found that the morphology of MoO3 underwent perceivable changes 
during the process of sodium uptake and extraction (Figure 5.12). FESEM images 
recorded at various discharge and charge voltages shown in Figure 5.12(i) depict the 
changes in the morphology of MoO3. During sodium uptake, the morphology of 
MoO3 blocks gradually transform into thin pine tree like features (Figure 5.12a-e). 
During the course of sodium removal, the pine tree morphology gradually changes 




changes in the morphology of the active electrode material leading to formation of 
ordered microstructures during sodium storage have not been documented before in 
the literature. 
 
Figure 5.12 (i) Points in the voltage profile where ex-situ morphological analysis was 
performed. (a-h) FESEM images showing the variation in morphology at various cut off 
voltages. 
5.3.6 Rate performance and long term cycling  
 Figure 5.13 represents the voltage profiles of MoO3 electrodes at various 
current rates ranging from 0.1C (0.117 A g
-1
) to 1C (1.117 A g
-1
). Signature profiles 
of the 10
th
 cycle are displayed here for each rate. Even at high current densities, the 
cells show reversible capacities with attractive voltage profiles. MoO3 cells deliver 
charge capacities of 213, 158 and 100 mAh g
-1 
at high current densities of 0.234, 
0.585 and 1.117 A g
-1 
respectively. Figure 5.14 represents the rate performance of 
MoO3 in which the cells were cycled at 0.1C for 20 cycles followed by operation at 
1 µm 10 µm
100 nm












































high rates (10 cycles in each rate). As could be seen from Figure 5.14, the cells show 
favorable rate performance with excellent recovery when current is switched from 
high rate to slow rates. 
 
Figure 5.13 Voltage capacity profiles of MoO3 vs. Na/Na
+
 at different current rates. For each 
























































































(e) Na uptake in MoO3
Na extraction
from Moo3























































































Na uptake in MoO3


























































































(e) Na uptake in MoO3
Na extraction
from Moo3























































































Na uptake in MoO3







Figure 5.14 Rate performance of MoO3 vs. Na/Na
+ 
 Besides rate performance, a key requisite of a successful electrode material is 
its ability to demonstrate long term cyclability. Figure 5.15 shows the cyclability of 
MoO3 vs. Na/Na
+
 at a current rate of 0.2 C over 500 cycles. The long term tests were 
performed on the same cells that were used for high rate testing. Impressively, even 
after 500 cycles, the electrodes retain 57% of its initial charge capacity. Further, the 
coulombic efficiency of individual cycles remained  ~ 98.3% throughout the course of 
cycling. The long term cyclability of MoO3 shown here is encouraging, as such 










































Figure 5.15 Variation of charge capacity and coulombic efficiency as a function of cycle 
number at a current rate of 0.2C 
5.3.7  Feasibility in full cells 
 It is recognized that the development of an anode material is not complete 
without its feasibility in a real full cell. In this regard, preliminary tests were 
performed by constructing full cells that contain MoO3 as anode and sodium 
containing compounds such as sodium vanadium phosphate Na3V2(PO4)3 (NVP) and 
sodium vanadium fluorophosphates Na3V2(PO4)2F3 (NVFP) as cathodes. The active 
material loading on the NVP cathode was ~ 6.4 times higher than that of the anode 
while the active material loading on the NVFP cathode was ~ 4 times higher than the 
anode. The schematic of the NVP vs.MoO3 full cell operation is depicted in Figure 
5.16a. Upon charging the full cell, Na
+ 
ions are removed from the NVP cathode and 
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Figure 5.16 a) Schematic illustration of the rocking chair Na-ion battery constructed using 
MoO3 as anode and Na3V2(PO4)3 as cathode.(b) Voltage profile of Na3V2(PO4)3 vs. MoO3 full 
cell for selected cycles at 0.5C. Capacities are with respect to cathode. (c) Voltage profile of 
Na3V2(PO4)2F3 at 0.5C rate. 
During the discharge process, Na
+
 ions stored in MoO3 are extracted and inserted 
back into the cathode. Such shuttling of Na
+ 
ions between cathode and anode is 
analogous to the rocking chair concept of LIBs. Figure 5.16b represents the typical 
voltage profile of the NVP vs. MoO3 full cell at selected cycles (initial formation 
cycles not shown) at 0.5C. The average voltage of this full cell is around 1.5 V and 
the discharge capacity is ~ 80 mAh g
-1 
(with respect to cathode). Full cells of NVFP 
vs. MoO3 full cells show slightly higher voltage ~ 2.6 V, which is expected owing to 
the presence of fluorine in the cathode (Figure 5.16b). It should be mentioned here 
that, the results of the full cell presented here are only to demonstrate the feasibility of 
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electrode loading will be necessary to improve the cyclability and coulombic 
efficiency of the full cell. 
5.3.8 The dual role anode - lithium storage in MoO3 
 Besides sodium storage, the dual role of this anode material is demonstrated 
by studying its lithium storage properties. For this purpose, sodium metal was 
replaced by lithium and the electrolyte, NaClO4 in EC:PC was substituted by LiPF6 in 
EC:DEC (Figure 5.17). 
 
Figure 5.17 Schematic depiction of the electrochemical setup for dual alkali storage 
Figure 5.18 displays the voltage profile of MoO3 vs. Li/Li
+
 at current rate 0.1C. The 
initial discharge and charge capacities are 1800 and 1385 mAh g
-1
 resulting in a 
coulombic efficiency of ~ 77%. The second cycle discharge and charge capacities are 
1409 and 1392 mAh g
-1
. In the subsequent cycles, the coulombic efficiencies 
stabilized at 99% (Figure 5.19). The capacity values obtained here are in excess of 
the theoretical limits of MoO3 (1117 mAh g
-1
), a trend which been previously 
witnessed during the conversion reaction in α-MoO3 
219








Figure 5.18 Voltage profiles of MoO3 vs. Li/Li
+
 at 0.1C in the voltage window 0.04-3.0 V 
Such extra capacities are attributable to either (i) formation of solid electrolyte 
interphase layer (SEI)
177





Figure 5.19 Variation of coulombic efficiency as a function of cycle number for the MoO3 vs. 
Li/Li
+
 cycled at 0.1C in the voltage window 0.04-3.0 V. 
 The stable cyclability of MoO3 electrodes vs. Li/Li
+
 is revealed in Figure 
5.20a. Upon cycling at 1C (1.117 A g
-1
), MoO3 electrodes retain 87% of its initial 
charge capacity even after 100 cycles delivering 904 mAh g
-1
. Further, the coulombic 
efficiency remained quite high ~ 98-99% throughout the course of cycling, except for 






























the first cycle (67%). To the best of our knowledge, the high capacity retention at 1C 
rate over 100 cycles achieved here has not been previously attained for lithium 
storage by conversion reaction in MoO3. 
 
Figure 5.20 (a) Variation of charge capacity and coulombic efficiency as a function of cycle 
number at 1C. (b) Rate performance of MoO3 vs. Li/Li
+
. (c) Comparison of the 
electrochemical performance shown in this work with previous literature reports 
 Figure 5.20b displays the lithium storage performance of MoO3 electrodes at 
higher current rates. Even for rapid charge/discharge in 12 min (5C), MoO3 electrodes 
deliver a charge capacity of 597 mAh g
-1
, which is significantly higher than the 
theoretical capacity of insertion hosts like graphite anodes. Notably, when the current 
is switched back to the initial rate (0.1C), the electrodes could retain ~ 98% of the 
original charge capacity. Such remarkable storage performance at high current rates 
witnessed here is superior to most of the values previously reported for MoO3 (Figure 
5.20c).  
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 Finally, to test the feasibility of MoO3 anodes in a lithium ion battery, full 
cells were constructed using spinel LiMn2O4 (LMO) and olivine LiFePO4 (LFP) as 
cathodes. Representative voltage profiles at 0.2C rate (5
th
 cycle) of these full cells are 
shown in Figure 5.21a and 5.21b respectively. The average voltage of LMO vs. 
MoO3 and LFP vs. MoO3 full cells are approximately 2.60 V and 1.9 V respectively. 
 
Figure 5.21 (a) Voltage profile of. spinel LiMn2O4 vs MoO3 full cell in the voltage window 
1.5-4.5 V at 0.2C. (b) Voltage profile of olivine LiFePO4 vs. MoO3 in the voltage window 
0.5-3.8 V at 0.2C. In either case, the fifth cycle voltage profiles are displayed and the 
capacities are plotted with respect to the cathode. (c) Cyclability of the full cells. 
 Both full cells retain ~ 75% of their initial capacity after 20 cycles (Figure 
5.27c). From a theoretical standpoint, the amount of charge stored per unit weight in 
MoO3 (1117 mA g
-1
) is nearly 3 times higher than graphite (372 mA g
-1
) and 6 times 
higher than Li4Ti5O12 (175 mA g
-1
). Hence for full cells combining LiFePO4 and 
Li4Ti5O12, every 1g of cathode requires an equivalent amount of anode. However for a 
full cells combining LiFePO4 and MoO3, every 1g of cathode requires only 0.15 g of 
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the anode. Thus, employing MoO3 as anodes could provide valuable savings to the 
weight of the battery. 
5.4 Conclusions 
 In summary, a dual role anode material, α-MoO3, capable of storing both 
sodium and lithium was investigated. Notably, sodium storage by conversion reaction 
in this material was revealed for the first time. MoO3 anodes showed high sodium 
storage capacity of 245 mAh g
-1
 (reversible capacities) comparable to some of the 
previously investigated anode materials such as hard carbons
431









 Further, MoO3 anodes showed 
favorable rate performance at high current densities of 1.117 A g
-1
 and long cycle life 
over 500 cycles. Such long term cycling over 500 cycles has not been previously 
demonstrated for anode materials storing sodium by conversion reaction. 
Furthermore, MoO3 anodes also showed operation in full cells containing 
Na3V2(PO4)3 and Na3V2(PO4)2F3 cathodes. Finally, apart from sodium storage, this 
dual role anode showed outstanding lithium storage properties. During lithium storage 
at 1.117 A g
-1
, MoO3 anode retained 87% of its initial charge capacity after 100 
cycles. Even upon cycling at 5.585 A g
-1
, MoO3 delivered lithium storage capacity of 
597 mAh g
-1
, a capacity much higher than insertion hosts like graphite. The capacity 
retention and rate performance shown here are amongst the highest values reported in 
the literature for lithium storage in MoO3. Furthermore, MoO3 anodes also showed 







Chapter 5-PART 2 


















5.5 Preface to Chapter 5 - Part 2 
 In the second part of chapter 5, molybdenum dioxide MoO2, a lower oxide of 
MoO3 is investigated for its sodium and lithium storage properties. The possibility of 
sodium storage in MoO2 is disclosed here for the first time. MoO2 delivers sodiation 
(discharge) and desodiation (charge) capacity of 580 and 344 mAh g
-1 
at a current 
density of 0.1117 A g
-1
 (0.133 C) in the voltage window 0.04 - 3.0 V. Up to 74% of 
the initial desodiation capacity was retained even after 100 charge/discharge cycles. 





at a current density of 1.117 A g
-1
 with attractive voltage profiles. 
Apart from sodium storage, the dual role of MoO2 was demonstrated by evaluating its 




at a current 
density of 0.5585 A g
-1
 (0.665C). Up to 94% of the initial delithiation capacity was 
retained even after 100 cycles. Furthermore, even at a very high current density of 
8.3775 A g
-1





capacity significantly higher than insertion hosts like graphite (372 mAh g
-1
). While 
most reports on lithium storage in MoO2 show limited capacities and rate 
performance,
210, 220, 227, 442-451
 the capacity values achieved here are the highest 
reported values in literature for MoO2. Owing to restrictions on the word limit, the 











































































6.1 Preface to Chapter 6 
 Development of electrode materials with high energy and power densities are 
critical for applications like smart grids and electric vehicles. In this regard, the 
previous chapters laid emphasis on the development of high energy density anode 
materials α-Fe2O3, Fe3O4, MoO3 capable of delivering atleast 2-3 times higher 
capacity than commercial graphite electrodes. In the present chapter, focus will be 
laid on the development of an anode material Li4Ti5O12 (LTO), capable of ultra-fast 
charge/discharge in few seconds. One of the main objectives of this work is to 
develop a simple, economical synthesis route which could be applied for the 
preparation of nanostructured LTO. In this context, a facile soft template approach 
assisted by high energy ball milling (HEBM) was developed. Compared to energy 
intense solid state reactions, the calcination temperature and durations (750˚C, 6-8 h) 
required to form pristine LTO are much lower, thus offering valuable energy savings. 
In sharp contrast to solid state reactions which result in micron sized particles, fine 
nanostructured particles in the range 20-30 nm could be achieved by the process 
developed here. Most importantly, the prepared material delivers favorable 
electrochemical performance. At 1C (1 h charge/discharge), the nanostructured LTO 
delivers a capacity of 150 mAh g
-1
. Even during rapid discharge/charge in 36 seconds 
(100C); a capacity of 83 mAh g
-1
 is obtained with flat voltage plateaus. Besides, the 
nanostructured LTO anode also shows feasibility in full cells containing olivine 








 Among the existing cathode materials, olivine phosphates have attracted great 
attention owing to its excellent cyclability, flat operating potential and inherent 
safety.
452
 However, combining olivine phosphates with conventional graphitic anodes 
in a full cell poses serious limitations to the subsequent safety of the system. 
Especially, at high current rates, the possibility of lithium plating is high owing to the 
very low intercalation potential of lithium in graphite (~ 200 mV vs. Li/Li+). Such 
plated lithium grow further into dendrites which tear the separator apart leading to 
internal shorting and a potential thermal runaway.
453
 Hence from a safety standpoint 
the choice of an appropriate anode material becomes extremely crucial for EV 
applications. Besides safety, the ability of batteries to be rapidly charged/discharged is 
also an important requisite of energy storage systems for electric vehicle applications. 
However, in most cases, rapid charge/discharge process is accompanied by drastic 
reduction in the delivered capacities, leading to lower energy densities. Hence, anode 
materials that combine rapid charge/discharge with excellent capacity retention are 
required. 
 In view of the above requirements, Li4Ti5O12 (LTO) has been considered to be 
an ideal candidate for EV applications owing to the following reasons namely (a) 
stable cycle life - no significant unit cell volume change during Li 
insertion/extraction
92, 93
 (b) better safety - a high plateau potential at 1.55 V vs. Li/Li
+
 
eliminating the possibility of lithium dendrite formation 
100, 454
 and (c) low irreversible 
capacity loss - the operating voltage of LTO is higher than the potential at which SEI 
layer formation happens. Hence, all these features have favored LTO for use in 
commercial applications.
455




structure where, lithium and titanium ions occupy the tetrahedral 8(a) and octahedral 
16(d) sites respectively (Figure 6.1). Oxygen ions are reported to be located on the 





Figure 6.1 Spinel structure of Li4Ti5O12 
Despite the above listed advantages, LTO suffers from poor high rate performance, 
owing to heavy polarization and slow diffusion of lithium ions and electrons.
456, 457
 
One effective way of improving the rate performance in LTO is to reduce its particle 
size.
102, 458-461
 Nanomaterials offer short diffusion paths for lithium ions travelling 
from the bulk to the surface.
175
 Further, large surface areas of nanoparticles ensure a 
high degree of electrolyte wettability, promoting more electrochemical activity in the 
active material.
35
 Hence, an effective material design should aim at limiting the 
particle size, preferably to the nanometric regime. However, this is not easy especially 







calcination times which lead to bulk particles in micrometer regime. For example, 
conventional solid state reactions inevitably result in micron sized particles owing to 
very long calcination times (12-24 hours) and temperatures (800-1000°C).
93, 100, 462
 
Further in solid-state reactions, it is extremely difficult to exercise control on particle 
morphology, homogeneity and lithium stoichiometry. Hence, alternate synthetic 









 and template techniques
469-471
 have 
been employed to prepare LTO with controlled features.  
 Templating techniques have been widely used for the preparation of electrode 
materials with controlled morphologies.
107, 108, 470, 472
 In a typical synthesis, the 
precursors are first impregnated into the template where nucleation and growth take 
place. Subsequent removal of the template at an elevated temperature results in the 
final product which is an inverse replica of the template. Templates can be broadly 
classified into hard and soft templates. Hard templates made of anodic aluminum 
oxide (AAO) or silica are characterized by well-defined voids in the form of channels 
or pores. Removal of hard template requires very high temperatures which makes the 
process cumbersome and energy intense. On the other hand, soft templates made of 
cationic surfactants could be removed easily even at low temperatures. Recently, we 
reported a simple, soft-template approach for the gram-scale synthesis of mesoporous 
anatase TiO2 with excellent high rate performance.
158
 In the current investigation, a 
similar soft template approach assisted by high energy ball-milling (HEBM) was 
employed to prepare nanostructured LTO. The primary advantage with this approach 
is that pure phase of LTO could be obtained at relatively lower calcination 
temperature and duration (750˚C for 6-8 h) compared to conventional solid-state 




reactions where the particle size is in the order of several microns, LTO prepared by 
this approach exhibits small particle size in the range 20-30 nm. As a result, this 
material demonstrates outstanding high rate performance and stability in lithium 
batteries. Further, nanostructured LTO also shows feasibility in full cells containing 
olivine phosphate cathodes.  
6.3 Results and Discussion 
6.3.1 Structural and morphological analysis 
 Figure 6.2 represents the X-ray diffraction pattern of the LTO samples 
prepared from CTAB surfactant, calcined at temperatures 650
◦
C - 750 
◦
C over 6 h 
duration. For samples calcined at 650 
◦
C and 700 
◦
C, the primary phase Li4Ti5O12 
(JCPDS File no. 26-1198) was seen to be accompanied by other phases of rutile and 
anatase titanium dioxide TiO2 along with Li2TiO3. However, with further increase in 
the calcination temperature to 750 ˚C, the XRD pattern did not show any peaks of 
rutile or anatase TiO2. Li2TiO3 could still be spotted, an observation consistent with 
that of Jiang et al and Wang et al.
465, 473
 Studies conducted by Jiang et al. have shown 
that, at temperatures < 600˚C, both TiO2 and Li2TiO3 co-exist with Li4Ti5O12. 
However, with increasing temperatures, either TiO2 or Li2TiO3 phase would 
disappear, depending on the starting composition of the precursors i.e. lithium rich or 
titanium rich. Lithium rich composition and relatively lower temperature employed in 
our synthesis favors the presence of Li2TiO3 along with Li4Ti5O12 rather than TiO2. 
Hereafter, LTO calcined at 750˚C will be addressed as C16-LTO (C16 here denotes 





Figure 6.2 XRD pattern of LTO obtained from CTAB surfactant calcined at various 
temperatures 
The narrow intense peaks in the XRD pattern of C16-LTO (Figure 6.2) suggest that, 
the samples are highly crystalline in nature. C16-LTO powder was then subjected to 
high energy ball milling during which the active material particles are continuously 
bombarded by zirconia balls. Such high energy intense collisions results in repeated 
particle welding, grinding and fracturing ultimately leading to grain size reduction 
accompanied by crystalline to amorphous phase transitions.
474
 Figure 6.3 displays the 
XRD patterns of C16-LTO before and after ball milling. After ball milling (LTO-
BM), most of the diffraction peaks in the XRD pattern disappear and this is attributed 
to the loss of long range order during the process of high energy ball milling.
474
 
Further, the peaks of the ball-milled samples (LTO-BM) appear broad compared to 
the pristine material which is indicative of the grain size reduction (supporting images 
are shown later). 
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Figure 6.3 XRD patterns of C16-LTO, LTO-BM and LTO-BM-Cal. Inset of the figure 
compares the peak broadening of samples before and after ball-milling followed by heat 
treatment. 
As mentioned previously in the experimental section (Chapter 2, section 2.3.3), the 
ball milled samples were further subjected to a second heat treatment to improve the 
crystallanity and to remove the strain induced in the active material during milling.
474, 
475
 This sample will be referred to as LTO-BM-Cal. The XRD pattern of LTO-BM-
Cal. shows the revival of the LTO peaks after heat treatment. Further, the XRD 
pattern of LTO-BM-Cal. shows no mechanochemical phase transformations after heat 
treatment. A closer look (inset of Figure 6.3) clearly shows that, for the reflection at 
2θ = 18.3˚, the width of the peak increases nearly by 46%. Such peak broadening is 
widely attributed to the reduction in the particle size.
106
 The primary particle size ‘d’ 
calculated from Scherrer formula (see Equation 6.1) suggested the presence of tiny 
crystallites in the size 19 nm. In Equation 6.1,  is the shape factor whose value is 
0.9,   is the wavelength of the X-ray,   is the full width at half maximum in radians 
and   is the Bragg angle. 
















































































     
         (6.1) 
 The soft template synthesis was then repeated using a different cationic 
surfactant namely octadecyl trimethyl ammonium bromide (OTAB) instead of CTAB 
while keeping other synthetic conditions such as temperature and calcination 
durations unchanged from that of C16-LTO. LTO obtained from OTAB surfactant 
will be addressed as C8-LTO (C8 refers to the chain length of the surfactant). Note 
this sample was not subjected to ball milling. 
 
Figure 6.4 XRD patterns of C8 and C16-LTO calcined at 750 ˚C in air for 6h. 
 XRD pattern of C8-LTO calcined at 750˚C shown in Figure 6.4 suggests the 
formation of a pure phase of LTO (JCPDS File no. 26-1198). Absence of new peaks 
in the diffraction pattern apart from that of LTO confirms the pure phase formation. 
XRD patterns of C16-LTO are provided her for the sake of comparison. FESEM 
images of C16-LTO, C8-LTO and LTO-BM-Cal. are presented in Figure 6.5. Figure 
6.5 (a-c) and (d-f) shows the FESEM images of C16-LTO and C8-LTO respectively 


























































recorded at different magnifications. Both samples have particle size in a wide 
distribution range. The particles of C16-LTO are in the size range ~250-500 nm 
((Figure 6.5 (a-c))) while the particles of C8-LTO are in the size range ~300 nm-1 
μm (Figure 6.5 (d-f)). This is in sharp contrast to the particles of ball milled and 
annealed samples (LTO-BM-Cal.) which have a much smaller particle size 
distribution in the range ~ 20-30 nm. Further, the morphology of ball milled samples 
is destroyed owing to the impact of high energy mechanical forces.  
 
Figure 6.5 FESEM images of (a-c) C16-LTO (d-f) C8-LTO (g-i) LTO-BM-Cal. 
 In order to evaluate the surface area of C16-LTO, C8-LTO and LTO-BM-Cal. 
samples N2 adsorption/desorption experiments were performed. LTO-BM-Cal. 




 (Figure 6.6a) while C16-LTO 








(isotherms not shown here). 
The higher surface area of LTO-BM-Cal. compared to C16 and C8-LTO is attributed 
to its small particle size (20-30nm) compared to the other two samples. The isotherms 
1µm










of LTO-BM-Cal. resemble a Type IV hysteresis loop suggesting the presence of 
possible mesopores.
476
 Presence of mesopores is further inferred from the pore size 
distribution chart (Figure 6.6b) in which pores with peak distribution in the range 3.9 
nm are seen.  
 
Figure 6.6 (a) N2 sorption isotherm of LTO-BM-Cal. (b) Pore size distribution 
6.3.2 Electrochemical analysis - Lithium storage in LTO 
Lithium insertion in spinel Li4Ti5O12 occurs as per the Equation 6.2 
             
                      (6.2) 



























































Insertion of lithium into the spinel structure displaces lithium from the tetrahedral 
sites to the octahedral sites, resulting in the formation of a rock salt type Li7Ti5O12
477
. 
The theoretical capacity of LTO is estimated to be 175 mAh g
-1
; corresponding to an 
uptake of three moles of lithium. However, it should be noted that this limitation on 
the theoretical capacity is rather imposed by the number of tetravalent titanium ions 
and not the lithium ions occupying the tetrahedral and octahedral sites.
98
 Accordingly, 
LTO could have a much higher theoretical capacity ~ 293 mAh g
-1
 in the voltage 
window 2.5 V-0.01 V. Nevertheless, in all our experiments, the current was calculated 
based on a theoretical capacity of 175 mAh g
-1
 as the voltage window used for 
electrochemical testing was 1.0-2.5 V.  
 Figure 6.7 represents the charge-discharge curves of C8-LTO, C16-LTO and 
LTO-BM-Cal. at different current rates. The incline profile from open circuit voltage 
to 1.55 V signifies the presence of a single phase region, while the flat voltage profile 
at 1.55 V vs. Li/Li
+
 represents the co-existence of two phases namely Li4Ti5O12 and 
Li7Ti5O12. The first cycle discharge capacities of C8-LTO, C16-LTO and LTO-BM-
Cal. at a current rate of 0.2C were found to be 170 mAh g
-1
, 206 mAh g
-1
 and 220 
mAh g
-1
 respectively. It could be seen that, the discharge capacity of C16-LTO and 
LTO-BM-Cal. are well above the theoretical limit (175 mAh g
-1
) which has been 
previously observed in a few reports.
106, 132, 478, 479
 
 After the uptake of 3 moles of Li all the 16c positions are completely occupied 
and any additional lithium would take up the vacant tetrahedral 8a sites which could 
also contribute to the additional capacities witnessed in excess of theoretical limit.
131, 
480
 The superior storage in LTO-BM-Cal. samples compared to C8 and C16-LTO 
could possibly be attributed to the presence of nanosized particles which offer shorter 

















ensures a better degree of electrolyte wetting, thus promoting enhanced 
electrochemical activity in the active material. 
 
Figure 6.7 Voltage profiles of C8-LTO, C16-LTO and LTO-BM-Cal. at different current 
densities in the voltage window 1.0-2.5 V 
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The first cycle discharge capacities and first cycle coulombic efficiencies of the three 
samples are compared in Figure 6.8. Though LTO-BM-Cal. exhibited the highest first 
cycle discharge capacity, the same sample also showed highest irreversible capacity 
loss (ICL) in the first cycle. The first cycle coulombic efficiency of LTO-BM-Cal. 
was only 70% while C16-LTO and C8-LTO demonstrated higher first cycle 
coulombic efficiencies of 77% and 87% respectively. Increased ICL in LTO-BM-Cal. 
compared to its other counterparts could be attributed to various reasons. 
 
Figure 6.8 Initial coulombic efficiency and discharge capacity of C8, C16 and LTO-BM-Cal. 
samples 
Firstly, the higher surface area of LTO-BM-Cal. compared to other two samples could 
entertain excessive surface storage which become partially reversible. The same trend 
was also witnessed by Lim et al., where the solvothermal samples with high surface 
area exhibited higher ICL compared to the micron-sized particles prepared by solid 
state reaction.
106






































compared to bulk samples could also be explained by the remote feasibility of Li ions 
occupying the 48f sites as suggested by Aldon et al.
481
  
 Besides low rate testing, galvanostatic cycling was also carried out at higher 
current rates and the corresponding discharge capacities are tabulated in Table 6.1. 
























w.r.t 1C (%) 
C8-LTO 104  73  42  25  24% 
C16-LTO 140  84  67  48  34.28% 
LTO-BM-Cal. 152  150  148  146  96% 
 
As seen from Table 6.1, even at 10C (charge or discharge in 6 min.), LTO-BM-Cal. 
showed outstanding capacity retention. LTO-BM-Cal. retained nearly 96% of its 
capacity w.r.t 1C, while C16-LTO and C8-LTO retained only 34% and 24% 
respectively. In other words, batteries made of LTO-BM-Cal. would lose only 4% of 
their capacity even if the current density was increased by 10 times. 
 Figure 6.9 shows the rate performance of the three LTO samples. It could be 
seen that LTO-BM-Cal. exhibits outstanding high rate performance compared to the 
other two LTO samples. Accordingly, LTO-BM-Cal. delivers discharge capacities of 
133, 122, 113, 109, 104, 95, 93 and 82 mAh g
-1
 at 20C, 30C, 40C, 50C, 60C, 70C, 





Figure 6.9 Rate performance of the various LTO samples 
Even at 100C, the plateaus corresponding to Li
+
 insertion/extraction are clearly visible 
(Figure 6.7c). The enhancement in the electrochemical properties of LTO-BM-Cal. 
could be attributed to several factors. At low current densities, the insertion/extraction 
of Li
+
 takes place conveniently in the bulk of the LTO particles. Hence, all the LTO 
samples exhibited capacities very close or in excess of the theoretical limits at low 
current rates. However, at higher current rates, the slow transport of lithium ions from 
the surface to the bulk affects the storage. This effect is even more pronounced when 
the lithium diffusion lengths are larger. Particles of LTO-BM-Cal. in the size range 
20-30 nm, offer short diffusion paths for lithium ions leading to enhanced rate 
performance compared to the other samples in which the particle size is several times 
larger. This trend was also reflected in a recent study in which Iwaniak et al. clearly 
showed an enhancement in the lithium ionic conductivity by two orders of magnitude 

























































Figure 6.10 (a) Comparison of polarization in C8-LTO, C16-LTO and LTO-BM-Cal. at 
different current rates. (b) Voltage profile of C8-LTO, C16-LTO and LTO-BM-Cal. at 10C. 
 Secondly, with the increase in specific surface area, the weight ratio of the 
atoms near the surface increases, providing more active sites for lithium 





) have more active sites for lithium insertion/extraction compared to the other 




. A high surface area of the 
nanoparticles also ensures significant contact area with the electrolyte, thus promoting 
better electrochemical activity in the active material.  



























































 Figure 6.10a compares the polarization in C8, C16-LTO and LTO-BM-Cal at 
different current rates. It is quite evident from the figure that the polarization increases 
with current density in all the cases. The sluggish Li
+
 kinetics in C8-LTO and C16-
LTO results in the concentration of lithium ions within the electrode, causing a 
premature termination of the discharge. For example, at 10C, C8 and C16-LTO 
exhibit polarization values of 645.95 mV and 310.4 mV respectively (Figure 6.10b). 
This is in sharp contrast to LTO-BM-Cal. in which the polarization is only 104.04 
mV. Low polarization of the electrodes is extremely important as the energy 
efficiency of the batteries would be low with increase in polarization.  
 In order to evaluate the feasibility of LTO-BM-Cal. in a real lithium ion 
battery, full cells were constructed using LiMn0.8Fe0.2PO4 cathodes.  
 
Figure 6.11 Schematic representation of the full cell assembly 
The schematic representation of this full cell assembly is shown in Figure 6.11 in 
which LTO-BM-Cal. was used as the anode and LiMn0.8Fe0.2PO4 was used as the 
cathode. Figure 6.12 represents the typical voltage profile of this full cell 
combination recorded at a current density of 34 mA g
-1
















2.50 V. The capacities plotted here are with respect to the weight of the cathode in the 
electrode. As could be seen, the voltage profile of the full cell shows two 









 redox couples. The advantage of employing LTO as anode material is 
clearly reflected in Figure 6.12 as even the full cell displays attractive flat operating 
voltage profiles. 
 
Figure 6.12 Voltage profile of LiMn0.8Fe0.2PO4 vs. LTO-BM-Cal. at 0.2C in the voltage 
window 0.8-2.50 V. 
6.4 Conclusions 
 A novel soft template approach assisted by high energy ball milling was used 
to prepare nanostructured Li4Ti5O12 with particles in the size range 20-30 nm. Lithium 
batteries incorporating this electrode delivered 152 mAh g
-1
 for charge/discharge in 
1h (1C). Even when the charge time was reduced to 6 min, the batteries deliver 145 
mAh g
-1
 retaining 96% of the capacity delivered at 1C. This translates into a scenario 
where batteries containing LTO-BM-Cal. would lose only 4% of their capacity even if 
the current densities increase by a factor of 10. Most impressively, when the charge 
time is further reduced to 36 seconds (100C), the prepared LTO still delivers 83 mAh 

































with attractive flat voltage profiles. Excellent capacity retention of the 
nanostructured LTO is attributed to the presence of extremely small particles (20-30 
nm) that offer short transport lengths for Li
+
 diffusion. Furthermore, the relatively 
high surface area of these nanoparticles increases the contact area with the electrolyte 
significantly, thus promoting widespread electrochemical activity in the material. The 
polarization of LTO-BM-Cal. at 10C was found to be 0.1043 V much lower than the 
other samples of C8 and C16-LTO that showed polarization of 0.645 and 0.31 V 
respectively. Besides operation in half cells, LTO-BM-Cal. also showed feasibility in 
full cells containing LiMn0.8Fe0.2PO4 cathodes. Full cells combining LiMn0.8Fe0.2PO4 
and Li4Ti5O12 deliver capacities of 140 mAh g
-1









 redox couples. We believe that, this simple 
approach developed in this study where precursors are calcined at a relatively lower 
temperature and calcination time (750 ºC for 2-6 h) in contrast to the solid state 
reactions (800-1000 ºC for 12-24 h) could be an attractive synthetic route for 







































 Challenges faced by rechargeable batteries are twofold. Firstly, batteries must 
support energy demanding applications like electric vehicles for which lithium-ion 
batteries are considered to be ideal. Secondly, batteries are also expected to support 
large scale renewable energy storage systems for which sodium-ion batteries are 
thought to be appropriate. In this regard, developing electrode materials capable of 
storing both sodium and lithium would be highly befitting, as these materials could 
find simultaneous applications in lithium and sodium-ion batteries. 
1.  In the first part of this research work, ways and means to enhance the 
reversibility of lithium storage by conversion reaction in α-Fe2O3 was 
investigated. A novel soft template approach was developed for the 
preparation of nanostructured α-Fe2O3 particles. The importance of particle 
connectivity and electrode material-current collector integrity on the 
electrochemical performance was highlighted. The first cycle coulombic 
efficiency of 90% and stable cycle life of 800 cycles achieved here are the 
highest reported values in literature for lithium storage by conversion reaction 
in α-Fe2O3. Also encouraging is the feasible operation of α-Fe2O3 electrodes in 
full cells containing olivine LiMn0.8Fe0.2PO4 cathodes which give rise to 2.0 V 
lithium-ion batteries. Finally, the influential role of thermodynamics at 
nanosize on the rate performance of α-Fe2O3 was also discussed. We believe 
that the outstanding lithium storage obtained from a cheap, rusty material like 
α-Fe2O3 will benefit in developing low-cost anode materials for batteries.  
2. In the second part of the research work, a dual role anode material, Fe3O4, 




investigated. A rational active material and electrode design was adopted for 
enhancing its electrochemical performance. Such rationally designed 
electrodes do not show any capacity loss even after 1100 cycles, the longest 
cyclability reported for Fe3O4 electrodes in literature. Further, 65% of the 
theoretical capacity was retained at fast charge/discharge in 5 min. These 
electrodes also showed feasible operation in full cells containing olivine 
LiMn0.8Fe0.2PO4 cathodes. Finally, the dual role of this material was shown by 
studying its sodium storage properties for the first time. Fe3O4 delivered 
sodiation and desodiation capacities of 643 and 366 mAh g
-1
 in the first cycle. 
Sodium uptake by conversion reaction in Fe3O4 resulted in the formation of 
Na2O and metallic Fe. It is believed that this contribution would provide a 
generic platform for materials design that can be extended to other members of 
the transition metal oxide family that store Li and Na by conversion reaction. 
3. In the third part of the research work, another dual role anode material, MoO3 
capable of storing both sodium and lithium by conversion reaction was 
investigated. Sodium storage by conversion reaction in this material is 
reported here for the first time. The reversible sodium storage capacity of 
MoO3 electrodes (245 mAh g
-1
) achieved here is comparable or higher than 











 The cyclability of 
MoO3 over 500 cycles shown here is the highest cycle life of any anode 
material that stores sodium by conversion reaction. Feasible operation of 
MoO3 anode in full cells containing Na3V2(PO4)3 and Na3V2(PO4)2F3 cathodes 
was also demonstrated. Besides, the same material also showed outstanding 




cathodes. It is believed that the findings from this work will encourage further 
research in exploring dual role anode materials that proficiently store both 
sodium and lithium.  
4. In the final part of the research, a novel and simple soft template approach 
assisted by high energy ball milling was used to prepare nanostructured 
Li4Ti5O12 anodes with particles in the size range 20-30 nm. Lithium batteries 
incorporating this nanostructured electrode delivered 152 mAh g
-1
 for 
charge/discharge in 1h (1C). Even when the charge time was reduced to 6 min, 
the batteries retained 96% of the capacity delivering 145 mAh g
-1
. Most 
impressively, when the charge time was further reduced to 36 seconds (100C), 
the electrodes still delivered 83 mAh g
-1
 with attractive flat voltage profiles. 
Nanostructured particles (20-30 nm) offer short transport lengths for Li
+
 
diffusion while high surface area of the nanoparticles promote enhanced 
electrochemical activity. Finally, the feasible operation of Li4Ti5O12 in full 
cells containing LiMn0.8Fe0.2PO4 cathode was also demonstrated. 
7.2 Future works 
 Employing transition metal oxides that store lithium by conversion reaction 
holds great promise for the development of future high energy density batteries. The 
wide plethora of compounds with varying degrees of transition metal oxidation states 
and covalence will enable researchers tune the operating voltage and storage capacity 
of the battery to meet specific requirements of the end applications. Prima facie, the 
cyclability and high rate performance of the conversion electrodes α-Fe2O3, Fe3O4 and 
MoO3 demonstrated in this research thesis are promising. However, the high voltage 




trip energy efficiency of the battery which is a major shortcoming that should be 
solved before conversion electrodes penetrate commercial market. Factors such as 
poor kinetics, competing reaction pathways, movement of species during phase 
transformation and interfacial thermodynamics may contribute to the voltage 
hysteresis.
173, 232, 401
 Hence, the root cause for the voltage hysteresis must be clearly 
identified.  
 On the sodium-ion battery front, firstly factors responsible for huge 
irreversible capacity loss in the first cycle must be identified. The first cycle 
coulombic efficiencies of Fe3O4 and MoO3 that store sodium by conversion reaction 
were only 57% and 54% respectively. This is in sharp contrast to the first cycle 
coulombic efficiencies of 75% and 77% obtained during lithium storage. Hence, the 
mechanisms responsible for inducing this disparity must be identified. Secondly, the 
formation/decomposition of SEI and its constituents needs to be understood. Thirdly, 
the electrolyte used for sodium-ion batteries needs to be optimized. In this thesis, the 
electrolyte containing sodium perchlorate in ethylene carbonate:propylene carbonate 
was used. However, other sodium salts such as sodium hexaflurophosphate (NaPF6) 
in solvents like propylene carbonate, ethylene carbonate, dimethyl carbonate, 
tetrahydrofuran etc could be tested.
483
 Voltage hysteresis values of lithium and 
sodium storage by conversion reaction in the same metal oxides were found to be 
different. For example, ΔVLi in MoO3 was 0.97 V at a current rate of 0.1C while ΔVNa 
was only 0.42 V. Reasons for lower polarization during sodium storage in MoO3 
compared to lithium needs to be clearly understood. Finally, the evolution of crystal 
structure and oxidation states must be characterized using in-situ facilities to gain 
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Appendix A  
 
Research trends in electrolyte 
 An electrolyte could be defined as an ionic conductor and an electronic 
insulator. An electrolyte used in lithium batteries consists of a salt of Li such as 
lithium hexafluorophosphates (LiPF6) dissolved in organic solvents such as ethylene 
carbonate (EC), diethyl carbonate (DEC) or dimethyl carbonate (DMC). The 
characteristics of an ideal electrolyte are 
  Excellent ionic conductivity but poor electronic conductivity 
 Chemical stability 
 Electrochemical stability 
 Low melting point 
 High boiling point 
Broadly speaking, electrolytes could be classified into three groups: liquid electrolyte, 
solid electrolyte and polymer electrolyte. Liquid electrolytes are those in which 
lithium salts are dissolved in solvents. Solid electrolytes are materials that facilitate 
diffusion of ions through a lattice formed by stationary counter ions. Solid electrolytes 
simplify the cell design as there is no need to account for liquid containment.
484
 
Polymer electrolytes are defined as membranes that have transport properties similar 
to that of the liquid electrolytes. The major advantage of polymer electrolyte is that it 








Appendix B  
 
Research trends in binders 
 A binder could be defined as the agent that binds the active material with the 
current collector. The most commonly used binder in the field of battery is 
polyvinylidene fluoride (PVDF). This polymer in the form of powder is dissolved in 
liquid organic solvents such as N-methyl pyrrolidone (NMP) before mixing with 
active material and conductive additive. One limitation with PVDF binder is that they 
require toxic organic solvents for dissolution which pose serious environmental 
concern.
485
 Yet another limitation is that PVDF suffers from poor mechanical 
strength. The performance of PVDF binder for insertion reaction is convincing as the 
volume change of active material is not significant during Li insertion/extraction (for 
example < 10% in graphite).
281
 However, for alloying and conversion reaction where 
the active material volume expansion is in the range 100-400%, the use of PVDF 
binder is not effective. This is because; the PVDF has elongation strength of only 20-
30% before yielding to breakage.
486
 Hence severe volume expansion induced during 
alloying and conversion reaction could break the strands of PVDF binder, leaving 
portions of electrode material disconnected from the current collector.
170
 Ultimately, 
the capacity contribution from these disconnected particles is lost with every 
progressive cycle leading to poor cycle life.  
 In this regard, attempts have been made to improve the mechanical properties 
of the binder. Li et al have shown significant improvement in mechanical properties 
by heat treating PVDF at temperatures above its melting point (170 ˚C).170, 281 It was 
believed that high temperature heat treatment led to improved binder and carbon 






Researchers have also proposed alternate binders for battery applications.
487-491
 
Among them, water soluble carboxy methyl cellulose (CMC) has attracted great 
attention owing to its environmental friendliness and cheap cost.
486, 492
 Besides PVDF 
and CMC, inorganic glue made of amorphous silicon
493
 and PEDOT:PSS have also 
been tested for high volume change lithium alloying reactions.
171
 It should be noted 
that, binders although may appear trivial they affect the cyclability of electrodes that 






















Appendix C  
 
Calcination temperature-morphology dependence of MoO3 
 The temperature of calcination was found to have a profound influence on the 
morphology of MoO3 obtained by the soft template synthesis approach. Figure A.1a-
d represents the FESEM images of MoO3 prepared from phosphomolybdic acid 
calcined at various temperatures.  
 
Figure A.1 (a), (b), (c) and (d) FESEM images recorded on MoO3 samples calcined at 200 
˚C, 350 ˚C, 450 ˚C and 550 ˚C respectively. (e) Schematic depiction of the temperature-
morphology dependence. These samples are obtained by using phosphomolybdic acid as the 
precursor. 
1 µm 1 µm
















The dependence of morphology on the calcination temperature is schematically 
shown in Figure A.1e. Briefly; well-defined geometries such as rectangular sheets, 
rectangular blocks and octagons were obtained by varying the calcination temperature 
























Appendix D  
 
 Precursor-morphology dependence of MoO3 
 The morphology of MoO3 was also found to vary when the starting precursors 
were changed during synthesis. 
 
Figure A.2 FESEM images recorded on MoO3 samples obtained from ammonium molybdate 
tetrahydrate precursor using soft template approach. The samples were calcined at (a) & (b) 
350 ˚C, (c) & (d) 450 ˚C, (e) & (f) 550 ˚C respectively. 
For instance, when ammonium molybdate tetrahydrate was used in the synthesis, the 
morphology of final product, MoO3 varied quite significantly compared to that 
obtained from phosphomolybdic acid. Figure A.2 represents the FESEM images of 
5 µm 1 µm
5 µm 1 µm










the samples obtained from ammonium heptamolybdenum tetrahydrate calcined at 



























Appendix E  
 
Reversible sodium and lithium storage in MoO2  
Sodium storage in MoO2 
 Figure A.3 represents the XRD pattern of MoO2 obtained from the hybrid 
approach combining soft template and solvothermal synthesis. Details of the synthesis 
are provided in Chapter 2, section 2.5. The XRD pattern of the synthesized MoO2 
shows broad peaks which could be readily indexed to the pure phase of monoclinic 
phase of MoO2 in accordance with JCPDS 32-0671, space group P21/n whose basic 
lattice parameters are a = 5.606 Å, b = 4.859 Å and c = 5.537 Å. Further, the SAED 
pattern recorded on the MoO2 powder (inset on the left) shows clear diffraction rings 
that correspond to the three most intense peaks present in the XRD pattern.  
 
Figure A.3 XRD pattern recorded on the synthesized MoO2 powder. Peaks of standard 
pattern from JCPDS 32-0671 are provided for comparison. Inset on the left shows the SAED 
pattern of the synthesized powder. Inset on the right shows the schematic of the MoO2 crystal 
structure. 
























The crystal structure of MoO2 resembles a disordered rutile structure whose 
framework consists of MoO6 octahedrons (inset of Figure A.3). To evaluate the 
sodium storage properties of MoO2, galvanostatic cycling was performed. Figure A.4 
shows the first and second cycle voltage profiles of MoO2 vs. Na/Na
+ 
at a current 
density of 0.1117 A g
-1
 (0.133 C) in the voltage window 0.04-3.0 V.  
 
Figure A.4 Voltage profile of MoO2 vs. Na/Na
+
 at 0.1117 A g
-1 
in the voltage window 0.04-
3.0 V. 
During sodium uptake, the voltage profile shows a sloping profile with no perceivable 
plateaus. At the end of discharge, the sodium storage capacity was found to be 582 
mAh g
-1
, which is lower than the theoretical value (838 mAh g
-1
) of MoO2, assuming 
complete reduction of MoO2 to metallic Mo and 2Na2O (Equation A.1) 
       
                       (A.1) 
During sodium extraction (charging), the voltage profile shows a smooth curve upto 
0.46 V followed by a fairly steep charge profile until the termination of charge at 3.0 
V. The capacity at the end of the first charge cycle is 342 mAh g
-1
 resulting in a first 
cycle coulombic efficiency of 58.7%. The coulombic efficiency in the first cycle 
























witnessed here is higher than some of the recently reported anode materials for 
sodium storage.
323, 431, 432
 Irreversible capacity loss witnessed in the first cycle could 
arise from various factors such as (i) irreversible trapping of sodium in host material; 
(ii) electrolyte decomposition at the active material/electrolyte surface and (iii) 
particle isolation (electrical disconnections between particles and current collector) 
arising from volume changes induced during conversion reaction. 
 
Figure A.5 Voltage profile of MoO2 vs. Na/Na
+
 at 0.1117 A g
-1
 for selected cycles in the 
voltage window 0.04-3.0 V 
 FigureA.5 displays the voltage profiles of MoO2 vs. Na/Na
+ 
at selected cycles. 
The desodiation capacities stabilized at 275 mAh g
-1 
after the first few cycles with 
attractive voltage profiles. The variation of desodiation capacity and coulombic 
efficiency as a function of cycle number is shown in Figure A.6.  




























Figure A.6 Variation of charge capacity and coulombic efficiency as a function of cycle 
number at 0.1117 A g
-1 
in the voltage window 0.04-3.0 V. 
Figure A.7 represents the voltage profiles of MoO2 vs. Na/Na
+
 recorded at various 
current densities ranging from 0.1117 A g
-1 
to 1.117 A g
-1
 (0.133 C to 1.33 C). With 
increase in current density, the polarization i.e., the voltage difference between the 
discharge and charge also increases. 
 
Figure A.7 Voltage profile of MoO2 vs. Na/Na+ at different current densities 
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Figure A.8 Rate performance of MoO2 vs. Na/Na
+ 
Figure A.8 displays the rate performance of MoO2 vs. Na/Na
+
. MoO2 delivers charge 
capacities of 278, 236, 198 and 140 mAh g
-1
 at 0.1117, 0.2234, 0.5585 and 1.117 A g
-
1 
current densities respectively. 
 
Figure A.9 Variation of charge capacity and coulombic efficiency as a function of cycle 
number at 0.1117 A g
-1
. This test was performed after the high rate testing.  
Figure A.9 represents the variation of charge capacity and coulombic efficiency as a 
function of cycle number. This test was performed at a current density of 0.1117 A g
-1 


















































































































on the electrodes after high rate testing at 1.117 A g
-1
. After 100 cycles, the cells 
retain 74% of the initial charge capacity delivering 188 mAh g
-1
. Further, the 
coulombic efficiency remained ~ 99.3% throughout the course of cycling.  
Lithium storage in MoO2 
 Besides sodium storage, lithium storage performance of MoO2 was also 
evaluated. Firstly, lithium insertion occurs in MoO2 approximately upto 0.8 V 
followed by conversion reaction at deep discharge voltages (Equation A.2).  
       
                       (A.2) 
 
Figure A.10. Voltage profile of MoO2 vs. Li/Li
+
 at 0.05585 A g
-1
 for selected cycles in the 
voltage window 0.04-3.0 V 
Figure A.10 represents the galvanostatic discharge-charge profile of MoO2 vs.Li/Li
+ 
at a current density of 0.05585 A g
-1 
corresponding to a current rate of C/20. During 
Li uptake, the voltage drops from the open circuit value (2.97 V) and forms a sloping 
plateau between 2.97 V to 1.43 V and a second small plateau between 1.43 to 1.12 V. 
This is then followed by a long sloping profile until the termination of discharge at 
0.04 V. The capacity at the end of first cycle is 1165 mAh g
-1
and this value is more 
than the theoretical limit of 838 mAh g
-1
 assuming 4 mole Li uptake. Upon Li 




























extraction, the charge profile shows sloping plateaus upto 0.92 V followed by a 
plateau in the range 1.0-1.9 V after which the charge terminates at 3.0 V. The capacity 
at the end of the first cycle of Li extraction was 920 mAh g
-1 
resulting in a first cycle 
coulombic efficiency of 79%. FigureA.11 represents the voltage profiles of MoO2 vs. 
Li/Li
+
 recorded at various current densities ranging from 0.5585 A g
-1 
to 8.3775 A g
-1
 
(0.5 C to 7.5 C). The voltage profiles show an increase in the polarization with an 
increase in the current density. Most importantly, reversible lithium storage capacities 




Figure A.11. Voltage profile of MoO2 vs. Li/Li
+
 at different current densities 
Figure A.12 displays the rate performance of MoO2 vs. Li/Li
+
. MoO2 delivers lithium 
extraction capacities of 907, 806, 772, 686, 590, 528 and 436 mAh g
-1
 at current 
densities of 0.05585, 0.5585, 1.117, 2.7925, 5.585, 6.702 and 8.3775 A g
-1 
respectively.  
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Figure A.12 Rate performance of MoO2 vs. Li/Li
+
 
After high rate testing at 8.3775 A g
-1
, when the current density was switched back to 
slow rate (0.5585A g
-1
), the electrodes show excellent capacity retention retaining 
95% of the initial capacity even after 100 cycles. The coulombic efficiency remained 
~ 99.6% throughout the course of cycling. 
 
Figure A.13 Variation of charge capacity and coulombic efficiency as a function of cycle 
number at 0.5585 A g
-1
 for MoO2 vs. Li/Li
+
. This test was performed after the high rate 
testing 











































































































































 In summary, preliminary studies were conducted on sodium and lithium 
storage in MoO2. While lithium storage in MoO2 has been well known, this is the first 
time where analogous sodium storage is discussed. MoO2 anodes show high sodium 
storage capacity of 275 mAh g
-1
 at 0.1117 A g
-1
 which is comparable or higher than 









 Further, MoO2 anodes show favorable rate performance, 140 
mAh g
-1
 at high current density of 1.117 A g
-1
 with excellent capacity retention over 
100 cycles. Beides sodium storage, MoO2 also showed outstanding lithium storage 
properties. Upon cycling, up to 96% of the initial charge capacity was retained after 




























Figure A.14 Variation of coulombic efficiency as a function of cycle number for α-Fe2O3 
vs.Li/Li
+









































Appendix G  
 
 
Figure A.15 Variation of coulombic efficiency as a function of cycle number for Fe3O4 
vs.Li/Li
+
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